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ABSTRACT

In this study, various proposed methods for safely
handling the upward migration of gas kicks in a shut-in
well were evaluated experimentally, using a 6000 £t well.
Nitrogen gas was injected in the well to simulate a gas
kick. ™ The methods evaluated include: (1) the pericdic
release of mud from the well annulus in step with observed
changes in the surface drill pipe pressure and (2) the
periodic release of mud while monitoring both changes in
the casing pressure and volume of mud being released.

The second procedure, sometimes referred to as the volume-
tric method, is most applicable to field situations in
which a meaningful drill pipe pressure is not available.
For example, the drill string may be off-bottom or out of
the hole entirely, or the bit may be plugged. Variations
" in the volumetric method as described in the well control
manuals of several major operators were included in the
study and the bottom hcle pressure responses obtained ex-
perimentally were compared. Parameters which were studied
experimentally include (1) kick size, (2) viscosity of the
mud and (3) variations in the initial shut-in pressure.

In presenting the proposed volumetric method, pre-
vious investigators made several simplifying assumptions.
These include (1) the gas density is negligible, (2) the
kick remains as a continuous slug occupying the entire
annular cross-section and (3) once gas reaches the surface,

viii



no gas 1s to be produced. It was found that the latter
two assumptions were not valid and may cause significant
deviations in expected well behavior. However, if properly
modified, the voiumetric method was found to give acceptable
results.

An attempt was made to develop a mathematical model
for predicting the behavior of a gas kick in a closed well.
However, results obtained with the mathematical model did

not give good agreement with the experimental data.
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CHAPTER I

INTRODUCTION

A "blowocut" may be defined as an uncontrolled flow of
formation fluids from a well. As the easily accessible
supplies of 0il and gas are depleted, 0il companies are
forced to drill and explore in harsher and more dangerous
environments where the risk is even greater that a blowout
could occur. Surface blowouts are extremely dangerous and
can result not only in the loss of the well but also rig
equipment and even human lives. Extensive environmental
damage may also occur. Blowouts are extremely expensive
and oil companies spend annually hundreds of millions of
dollars to fight surface blowouts. Another type of blowout,
the underground blowout (discussed later), is much more com-
men and may be as costly to the oil companies as surface
blowouts.

Various procedures are available for safe removal of
formation fluids once they enter the well. All well con-
trol procedures rely on the use of the drilling fluid, or
"mud® as it is commonly called. The drilling fluid exerts
a pressure in the wellbore in excess of the pore pressure
of any formations that are exposed in the uncased portion
of the well. The cased portion of the wellbore has a
string of pipe, known as casing, cemented to the formations
over the interval the pipe is set to protect these forma-
tions. Thus, the uncased portion of the well is the open

1



hole below the bottom casing string.

During the drilling of a well in a new area, a forma-
tion may be penetrated which has an unexpected pore pressure
greater than the hydrostatic pressure of the column of mud
in the wellbore. When this happens fluid from the formation
enters the wellbore displacing or "kicking" drilling fluid
from the well. This formation fluid is commonly referred to
as a "kick." A kick may also be taken at a point higher in
the well due to a decrease in the pressure exerted by the
mud. One such occurrence 1is when the drill string is pulled
out of the hole too fast, resulting in a "swabbing" effect.

The swabbing action in effect pulls the formation fluids in-

to the wellbore.

The well must be monitored constantly at the surface
to detect when a kick has occurred. One indicaticn of a
kick is an increase in the volume of mud in the mud tanks at
the surface. This volume increase is due to the intruding
formation fluids which push some of the mud out of thé well.

Once a kick is detected the bit is raised off-bottom
and the mud pumps used to circulate the mud are shut down.
Then blowout preventers located on the wellhead at the sur-
face are closed. These preventers seal the space between
the surface casing and the drill string, effectively shut-
ting in the well. The well is then allowed té stabilize,
and the stabilized conditions usually indicate if the in-
truding fluid is liquid or gas. For the purpose of discus-
sion only gas kicks will be presented here since they are

the most dangerous and most difficult to control.



Normally the drilling fluid inside the drill string
contains little or none of the kick fluids. For gas kicks
the bottomhole pressure stabilizes to the formation pore
pressure during shﬁt-in conditions. Therefore, the pore
pressure can be calculated by adding the shut-in drill pipe
pressure at the surface to the hydrostatic pressure exerted
by the mud in the drill string since the mud's density is
known. Knowledge of this bottomhole pressure allows calcu-
ijation of the mud density which would be required to "kill"
the well, or exert a pressure which slightly exceeds the
formation pore pressure.

The accepted procedure for removing the kick fluids
from the well is to maintain a bottomhole pressure slightly
greater than the formation pore pressure while circulating
the kick from the well and pumping the heavier mud into the
well. This pressure maintenance is accomplished by means
of an adjustable surface choke which holds a backpressure
cn the drill pipe-casing annulus.

The aforementioned procedure is commonly referred to as
the "Wait-and-Weight" method, in that the mud density is in-
creased to the required "kill" value before it is circulated
into the well. A second procedure, known as the "Driller's"
method, circulates the kick out of the well before increasing
the mud density. Thus, once the kick fluids are out of the
well, the well is not "killed" until the mud density is in-
creased to the required kill value and thé mud is circulated

throughout the well,



After the wéll has been shut in due to the presence of
a kick, there may be a considerable lapse of time before the
well control procedures explained above can be implemented.
These delays may bé caused by (1) time to increase the mud
density to the desired kill weight or (2) mechanical pro-
blems, such as pump failure. If the formation fluids are
predominantly gas, the large density difference between the
gas and the drilling fluid will cause the gas to migrate up
the hole durinrg this shut-in period. As the gas migrates
upward, wellbore pressures continually increase until such
time that the pressure opposite the weakest formation ex-
ceeds that formation's fracture pressure, resulting in the
breakdown of that formation and an underground blowout.

The fracture pressure of a formation is defined as the
pressure exerted on the formation which will cause it to
fracture or break down. This fracture pressure can also be
stated in terms of an equivalent mud density such that a
column of mud having that density would cause the formation
to break down. If the formation does fracture, wellbore
fluids flow into it and an underground blowout—i.e., an un-
controlled flow of fluids from the deeper, high pressure
formation to the fractured shallower strata-—occurrs.

Under normal conditions, the excessive pressures re-
sulting from upward gas migration in a shut-in well can be
alleviated by allowing the gas to expand by periodic blee-
ding of mud at the surface. The expansion is controlled
by maintaining the drill pipe pressure at a value slightly

in excess of its initial shut-in value through the use of



a surface choke. Since the pressure thus exerted on the
"kicking" formation exceeds its pore pressure, additional
fluids cannot enter the well. As the drill pipe pressure
increases due to the upward gas migration, mud is bled from
the annulus using the surface choke, giving the kick room
to expand in the annulus and thereby reducing the kick's
pressdre.

However, certain conditions arise when a meaningful
drill pipe pressure is not available. These situations in-
clude (1) the drill bit is plugged, shutting off pressure
communication between the drill pipe and formation; and (2)
the drill string could be off-bottom, causing the drill pipe
and casing pressures to read the same until the kick has
migrated above the bit. In addition, the drill string could
be out of the hole entirely. For the second instance, the
pipe could be stripped back to the bottom of the hole if
proper precautions are taken, but thisgs is time-consuming
and significant gas migration will occur during the strip-
ping operations. ("Stripping" refers to the replacement
of the drill string back to well bottom while the well is
shut in.)

To cope with the above situations where a meaningful
drill pipe pressure is not available, the volumetric method
of well control‘has been suggested by various authors®®51%12
as an alternate method to handle upward gas migration. The
volumetric method is based on observed changes in casing pres-
sure and metered volumes of drilling fluid bled from the well.

As presented the method is based on theoretical considerations



and without experimental verification. Simplifying assump-
tions made in developing the method include (1) the kick
remains as a continuous slug occupying the entire annular
cross-section, (2)’the gas density is negligible and (3)
once gas reaches the surface, no gas is to be produced.

The purpose of this study was to experimentally evalu-
ate the proposed methods for safely handling the upward
migration of gas kicks in a shut in well. Both the conven-
tional and volumetric methods were included in the study.
In addition, a secondary objective was to develop a mathe-
matical model for predicting the behavior of a gas kick in

a shut-in well.



CHAPTER I1

LITERATURE REVIEW

A review of the literature was made concerning {1)
methods for describing the behavior of gas in a static well
annulus and (2) methods for safely handling the upward mi-

gration of gas kicks in a shut-in well.

2.1 Gas Behavior in the Well Annulus

buring operations involving the removal of kick fluids
from a well, an important parameter to keep track of is the
change in bottomhole pressure with changes in the surface
pressures. Referring to Figure 2.1, if the drill pipe pres-
sure is available and essentially no kick fluids have dis-
placed mud from the drill string, bottomhole pressure is

given by

P, = PDP + 0.052pD cevveucencnoconsonanaans(2.1)

where P, = bottomhole pressure, psig

g
o
v
fl

shut-in drill pipe pressure, psig

p = mud density, pPPg

D = true vertical depth of well, feet

If drill pipe pressure data is not available, the cal-

culation of bottomhole pressure becomes more difficult due
to there being at least two different fluids in the annulus.
For this type calculation the surface annular pressure 1is
used. The problem arises as to how to treat the formation
fluids and their effect on the annular pressure. For purposes

7
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M

of discussion gas is assumed to be the intruding fluigd.

2.1.1 Simplest Annular Model of a Kick

The simplest model of a gas kick is to assume the gas
enters the well as a continuous slug and remains as such
while it migrates up the hole (Figure 2.1). If it is also
assumed that the gas has a negligible density, then the

bottomhole pressure 1s given by

Py = PCSG + 0.052P(D = 1,) wovvvenceeeceeeee(2:2)

where PCSG shut-in annular (casing) pressure, psig

'—l
i

length of the kick zone, feet

The length of the kick zone is given by

1, = GC, et ettenesecrecasossessscsscsssccnnne(243)

k A
where G = initial pit gain due to kick, bbl
C.A = annular capacity in the region of the kick

zone, ft/bbl
If the well remains shut in as the gas migrates up the
wellbore, the pressure of the gas remains essentially con-

stant. Referring to the real gas equation of state,

PV = znRT e e s e veesseseesesenesesasescessnses{l2aed)

where P = pressure, psia
V = volume, ft 3
zZ = gas compressibility factor
n = number of 1b/moles of gas

. 3
R = universal gas constant, 10.73 psia-ft/lb-mole-°R
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T = temperature , °R
Since the well is shut in and the mud is assumed to be in=-
compressible, it follows that the gas volume and total
number of moles of gas remain constant. In addition, the
temperature of the gas does not vary appreciably; and if it
is assumed that the gas compressibility (z) factor is rela-
tively constant, then as the gas migrates up the wellbore
its pressure remains essentially constant at the pore pres-
sure of the formation from which it came. Thus, excessive
pressures within the well can develop as the gas migrates
upward. From egquation (2.2) it can be seen that the bottom-
hole pressure increases directly with increases in surface
casing pressure which in turn increases due to the migration
of the gas kick.

As discussed in Chapter 1, if the wellbore pressure
opposite the weakest formation in the uncased portion of the
hole exceeds that formation's fracture pressure an under-
ground blowout could occur. The importance of this fracture
pressure ig shown in Figure 2.2. At initial shut~in con-
ditions the equivalent density at the casing seat is well
below the fracture density of 15 1lb/gal. However, if the
well remains shut in the gas retains its initial pressure
as it migrates upward, resulting in increased wellbore pres-
sures. At some point during ﬁhe upward migration of the
gas the pressure exerted on the weak formaticn exceeds the
formatioh's fracture pressure, resulting in breakdown of
that formation and a possible underground blowout.

To alleviate this buildup in wellbore pressure the gas
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is allowed to expand. Again referring to Figure 2.1, it can
be seen that reduction of the bottomhole pressure is pri-
marily related to a change in the length of the mud column
in the annulus, aséuming negligible gas density. Therefore,

bottomhole pressure is given by:

Py, = PCSG + 0.052p(h, + B) «ovennrennennees(2.5)

B

where P, = bottomhole pressure, psig
PCSG. = shut-in casing pressure, psig
hA = height of mud above gas, feet
hB = height of mud below gas, feet

The height (h;, + h

A B) remains constant as long as the

gas is not allowed to expand. The effect of gas expansion
is to reduce the height of mud above the gas, and thus the
total height (hA + hB) reduces as well.

To maintain bottomhole pressure P,, the casing pressure
must be allowed to increase to a value (PCSG + AP) and held

at this value until a volume of mud whose hydrostatic head

in the well is equal to AP is bled. This may be stated as:

P, = (PCSG + AP) + 0.052p(h, + hp)

B
= 0.052pAh, seiiiniiiiiiiaiiaeeees(2.6)

where AhA = reduction of height of mud above gas due to
bleeding, feet

Combining equations (2.5) and (2.6),

AP = 0.0520Ah ceuunccrnnnnccanenaenennanaans(2.7)

This equation relates surface casing pressure changes with
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changes in the total length of the mud column in the annulus.
This relationship will be dealt with in more detail later in

this discussion.

2.1.2 Gas-Cut Mud Equations

On certain occasions the hydrostatic pressure exerted
by a column of mud in the wellbore may be slightly less than
the formation pore pressure at the given depth and/or the
zone has a low permeability. In this case a slow feed-in of
formation fluids may occur. If the fluid is gas, the dril-
ling mud's density will be reduced due to dispersion of the
gas into the mud, and the mud is said to be gas-cut. Ano-
ther instance when a mud can become gas-cut is due to the
gas released from rock cuttings which come from a formation
containing gas.

Several authors?i%,l¥haye attempted to derive equa-
tions which calculate the loss in mud hydrostatic pressure
due to gas-cutting. These equations were designed for the
cases discussed above; however, the equations may also be
used when relatively small kicks are taken or if the kick 1is
well-dispersed in the mud,

In 1938, M. W. Strong!* derived an equation to estimate
hydrostatic pressure loss due to gas cutting. However, in
1957, Robert Whitel® discovered an error in Strong's equation,

The corrected form presented by White is given by:

P, n P, + P
_ 1 S h
h—Dm ey * 50 =" )] e (2.8)

where h depth, ft
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ph = pressure at depth h due to mud column only,
atm
Dm = hydrostatic gradient of uncut mud, atm/ft
ps = preésure at well head, atm
n = percentage by volume of gas in mud at well

head at pressure ps

Bill Rehm!® simplified the Strong-White equation to:

AP = n 1ln p, I D
where AP = reduction of bottomhole pressure due to
gas-cut mud, atm
p; = bottomhole pressure, atm
n = ELW:_EE = gurface gas-mud ratio
2

W, = original mud density, ppg
W, = gas-cut mud density, pPg
Bourgoyne? derived an equation for gas-mud mixtures
using the real gas equation of state. The final integrated

form is given by

P
P, - P; = a(D, - D;) = b 1n (53)...........(2.10)
1
where P, = pressure at bottom of interval, psia
P, = pressure at top of interval, psia

a = 0.052pf + 0.00693 MNv
P = mud density, ppg

M = molecular weight of gas, lb/lb~-mole
N = number of mocles of gas per cubic foot of mud

D, = depth to top of interval, feet

D, = depth to bottom of interval, feet



15

b = 10.73 2z T N

v
z = average gas compressibility factor
T = average temperature of gas, °r

The major difference of Bourgoyne's equation is that gas
density is not assumed negligible as it is in White's equa-
tion. The above equation does require a trial-and-error

procedure to calculate the pressure change (P, - P;).

2.1.3 Volumetric Considerations

In section 2.1.1 an equation was derived which relates
changes in bottomhole pressure to changes in the length of
the mud column in the annulus during upward migration of the
gas kick. This change of length of the mud column can be
related to a change in the surface mud pit volume since the
gas in the well has expanded by this amount. This type of
calculation is referred to as a volumetric approach and is
discussed by Rehml0,

Again referring to Figure 2.1, the incremental increase

in the length of the gas zone AhA [from equation (2.7)] is

given by
= C 4 & & » & & @ ¢ * @ D & & O B O S S P O s O S 00 L)
AhA AV A (2.11)
where AV = incremental change in surface mud pit volume,
bbl
CA = annular capacity in the region of the gas

zone, ft/bbl
Combining equations (2.7) and (2.11) results in the basic
equation for the volumetric methpd of well control:

BP = 0.052 p BV Cp weceeerennceceensenonnee(2.12)
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This equation equates changes in the surface mud pit volume
with changes in annular pressure and is the basic equation
used by the various authors**®!%Z2yho discuss the volume-
tric method for haﬁdling upward gas migration in a shut-in
well when drill pipe pressure data is not available. This

particular procedure of well control is discussed in sec-

tion 2.2.2.

2.1.4 Gas Slip Velocity

Due to the large density difference between the gas and
mud, the gas will slip past the mud and migrate up the annu-
lus. The gas will occupy a certain fraction of the annulus
cross-sectional area depending on the properties of the gas
and mud.

In experiments conducted first by Rader® and then Wardl®
and Koederitz’, the gas bubble was noticed to travel up one
side of the annulus and liquid backflow occurred opposite
the bubble (Figure 2.3). Based on their data and the re-
sults of Rader et glg, a gas slip velocity correlation was

developed for gas migrating up a static fluid column and is

given by
v, = [0.16+0.092 logyp (Npp)l (dz+d1)(pf—pg)
Pe
oo.-ooo-o--.oo-nno-..o-o(2013)
where Gs = average gas slip velocity, ft/sec
d, = outer diameter of annulus, inches

d, = inner diameter of annulus, inches
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GAS LIQUID

FIGURE 2.3 SHAPE OF BUBBLE AS T RISES UP ANNULUS

pg = average gas density, ppg

NRB = Bubble Reynolds number

Bubble Reynolds number for non-Newtonian fluids is given by

_{2-n)
L - 133,632 °f s [0:0208 (dp=dy) ;"
RB K 2+1/n
cevecsssasrerscrssnsvece(2.14)
where n = flow behavior index of mud
K = consistency index of mud, eq. cp.

The use of this Bubble Reynolds number will give appro-
ximate results for use in the slip velocity egquation which
was determined empirically for Newtonian fluids. Also, the
portion of equation (2.13) in brackets is valid up to a
Bubble Reynolds number of 100,000. Above this value, a
value of 0.62 1is suggested for the portion in brackets.

The calculation of gas slip velocity is an iterative
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procedure since slip velocity occurs in the log term of
equation (2.13). Thus a value is assumed and a new value is
calculated and used as the next trial value until the trial
value essentially équals the calculated value.

Gas slip velocity has a strong influence on the pres-
sure behavior of a shut-in well. The rate at which the
gas migrates up the hole affects the rate of change of sur-

face annular pressure. In addition, knowledge of the gas

slip velocity allows calculation of the annular cross-sectional

area that is occupied by the gas versus that occupied by
the mud which is slipping below the gas zone.

Since the gas 1s migrating upwards in a closed system,
the upward flow rate of the gas must equal the downward flow

rate of the mud. Thus,

Vg By = Vg (ImF ) eeeniiiiiiiiiieentl (2.15)

where F = fraction of annulus cross~sectional area
occupied by the gas
GLB = average velocity of the mud in the liquid
backflow region, ft/sec
Solving for the gas fraction gi§es
Foo= 1B R S S -2

v +
9 VLB Vs

Use of equation (2.16) to calculate gas fraction re-
quires that the liquid backflow velocity be known, The
following paragraphs discuss the derivation of this velocity.

Figure 2.4 illustrates a gas bubble in a tube and annu-

lus. Liguid is flowing along the edges of the bubble due
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to the gas slipping upwards. Under steady-state conditions,
the pressure change from point 1 to point 2 must be the same
for both the liguid and the gas. Therefore,

P2 = Py - Apf + 0.052pf AL ceersresseases(2.17a)
(Ligquid)

p, = p, + 0.0525g AL veveereeeeeesnsanessl2.17b)
(Gas)
where P1,P, = Pressures at points 1 and 2, psi
Apf = frictional pressure loss in ligquid back-
flow region, psi

AL

length from point 2 to point 1, feet
Note that frictional pressure loss within the gas is assumed
negligible due to its low density and viscosity.

Solving for the frictional pressure gradient gives

Apf

Tﬂ-=0.052(pf—pg) e cesessacsssssesesnses (2.18)

Therefore, the viscous pressure gradient in the liguid back-
flow region depends only upcon the density difference be-
tween the liquid and gas.

Using the Bingham plastic fluid model and slot flow
egquations, the frictional pressure gradient for a slot of

width (d,-d;) is given by?

Apf uvaB . Ty
AL 1000(d,-d,)? 200 (d,-d,)

i

cesesossces(2.19a)
(Laminar)

0,75 1,75 0,25
e _ P Vin up-y (2.19b)
- — T2 s 8 e 8 8 e s 0 a0 0 8 8600 0000 .
AL 1396(dp-dy) (Turbulent)
where U = plastic viscosity of liquid, cp

P
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Ty = yield point of liguid, 1b/100 ft?2
Equation (2.19b) assumes the Fanning friction factor is re-

lated to the liquid Reynolds number by?2

0.0791
0425
YR,

e s eeseseerssesecsasseaacevesne (2.20)

Ligquid Reynolds number is calculated from?

y ) 757 prLB(dz—dl) (2.21)
RL Up cece et st s cscanss s .

Combining equation (2.18) with equations (2.19a) and
(2.19b) and solving for liquid backflow velocity gives

52(pg=pg) (d2-d1)? 5 T (dp-dy)

V.o = - ceees(2.22a)
LB up up (Laminar)
= n s

_ (pf'pg) (dp-d;)
VLB = 11.564(] 3 }] eecivescese(2.22b)
Pg up (Turbulent)

Equation (2.22a) applies if the liguid backflow channel is
in laminar flow and equation (2.22b) if the flow pattern is
turbulent. Based on velocity~frictional pressure loss rela-
tionships, the smaller velocity calculated from eguations
(2.22a) and (2.22b) is the correct value. This value, com-
bined with the slip velocity calculated from eguation (2.13),
wili give a value for gas fraction [equation (2.16)]. How-
ever, the viscous effects of the gas-liquid interface are
not considered in the above derivations., To correct for this,
Figure 2.5 should be entered with the computed gas fraction,
and the corrected gas fraction is read using the dashed line.
Two additional effects of gas slippage past the mud in

a shut-in well are (1) pressure changes due to acceleration
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of the initially static mud and (2) rate of change of sur-

face casing pressure.

Pressure Changes Due to Acceleration Effects

Again consider Figure 2.4. Initially, the liguid above
the gas bubble is static (zero velocity). However, as the
bubble forces its way upward, the liquid undergoes an acce-
leration effect while slipping past the upper curved sur-
face of the gas. This acceleration causes a decrease in

the pressure exerted by the mud and is given by?

= 4 U 2
(AP} Lo 8.073 x 10 "p. V . eeeoccassensse(2,23)
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where (Ap)acc = pressure loss associated with the acce-
leration of the liguid
This decrease 1in pressure can be seen in the plot of pres-
sure versus depth‘(Figure 2.4).
In addition, after the liquid has slipped past the gas,
it decelerates until its velocity becomes zero. Thus a
pressﬁre recovery occurs immediately below the bubble, and

this pressure increase is calculated using equation (2.23).

Rate of Casing Pressure Change

Consider a large gas bubble of initial length, Lg'
located at the bottom of a well. If the gas rises toward
the surface as a slug during shut-in conditions, then the

surface pressure is related to the mean gas pressure by

P, = P - 0.052ngg/2 - 0.052pr cesesensa(2.24)
where p, = surface pressure, psig
pm = mean gas pressure (located at midpoint of gas

slug), psig
D = depth to top of gas kick, feet

Therefore, the rate of pressure increase is given by

dp
s ab _ S
i -0.052pf 3t © 0.052pf Vs ceessvenees{2.25)

This equation shows that the rate of surface pressure in-
crease is constant since the gas is rising at a constant
terminal velocity. However, this value of slip velocity
does change during the volumetric method due to bleeding

of mud from the surface and resulting expansion of the gas.
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However, if the large bubble of gas breaks into slugs

of average length Lgs separated by slugs of liquid of length

LLS’ then the surface pressure is given by
L L L
= - 5 2 . g _LS
Py P 0.052pg 5 0.052pf 5 ( Lgs)

=0.052p Duveennnceenannes(2.26)

If S is defined as the ratio of the average ligquid-slug
length to the average gas~slug length, then the rate of

change of casing pressure increase is given by

dp L
s - . 9 (95, _ dp
3T~ 0.052pf > (dt) 0.0529f 3t eseees(2.27)

The velocity of the first gas slug is (-dD/dt) which is VS,
or

dp L

S - .
I " 0.052pf(Vs 5

as
a-E) s esecsssesesrses (2.28)

Since (dS/dt) is greater than zero, the calculated rate of
surface pressure change using equation (2.28) is less than

the value using egquation (2.25).

2.2 Methods for Handling Upward Gas Migration

The following sections discuss procedures which have
been suggested for maintaining well control in the instances
that normal kick removal operations—i.e., "Wait-and-Weight"
or "Driller's" methods-—cannot be implemented and are illu~

strated in Figure 2.6.

2.2.1 Conventional Drill Pipe Pressure Control

If a reliable drill pipe pressure is available during
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the shut-in period after a kick has been taken, the accepted
practice is to maintain a bottomhole pressure slightly in
excess of the formation pore pressure., Referring to egqua-
tion (2.1), it can‘be seen that changes in the bottomhole
pressure are directly related to changes in the surface
shut-in drill pipe pressure, Therefore, drill pipe pressure
is allowed to increase to a value slightly greater than its
initial shut-in value, thus keeping bottomhole pressure
above the formation pore pressure (Figure 2.6). Then the
drill pipe pressure is maintained at this value by bleeding
small increments of mud from the well using a hand-adjustable
surface choke. It 1s important to stress that small volumes
(i.e., about 0.5 bbl) should be bled rather than bleeding
until the drill pipe pressure falls to the desired value.
This is due to the amount of time required for pressure
changes due to choke manipulation to be felt by the drill
pipe pressure gauge. If excessive bleeding occurs, addi-

tional influx of formation fluid into the well may result.

Example Calculations

An example showing the approximate well behavior which
would result when using the constant drill pipe pressure me-
thod is shown in Figures 2.7 and 2.8. The geometry of thg
LSU "B-7" test well is used. The drill pipe pressure 1is
allowed to increase by 100 psi to a final value of 380 psig
(schematic 1 on Pigure 2.7). Then mud is bled from the well
in small increments to maintain the drill pipe pressure con-
stant at 380 psig. Schematics 2 and 3 of Figure 2.7 show the

location of the kick at later times as well as the pit gain
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due to bleeding mud and the value of casing pressure. As
an illustration of the egquations used for the example, the

well conditions in schematic 3 are presented.
The ideal gas law for isothermal conditions states

that the product of pressure and volume remains constant.

Therefore,

PG=P2V2 .0..-.oo.ovot-...onoo'-.ooo.-0..(2.29)

£
where Pf = formation pore pressure, psia
G = initial pit gain, bbl

P, = pressure of the gas at later time, psia
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V, = volume of the gas at later time, bbl

")

The formation pore pressure is calculated using equa-

tion (2.1) and the initial shut-in conditions:

Pf = 280 + 0.052(8.,53)6011 = 2946 psig

Then the gas pressure after a total gain of 20 bbls at

the surface is given by eguation (2.29):

P = (2946 + lS)(L%éé) - 15 = 1702 psig

Since the annular capacity of the well is 65.7 ft/bbl, the

kick zone length is

lk = 20(65.,7) = 1314 feet

5”§ The bottomhole pressure is 100 psi above the formation pore
pressure due to the buildup of the drill pipe pressure.

Thus the length of the mud column below the kick zone is

_ (2946 + 100) - 1702 _
hg = 0.052(8.53) 3030 feet

This results in a column of mud above the kick of 1667 feet.
Finally, the surface casing pressure is given by equation

(2.2):

il

PCSG 3046 ~ 0.052(8.53) (6011 - 1314)

964 psig

Schematic 4 of Figure 2.7 shows the well conditions
once the gas reaches the surface. To calculate the final
5'; gas pressure and volume equations (2.2) and (2.29) are used

along with the relation for gas zone length:
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l =V2C = ('—'—)CA --ca'uocooo-c.a...noo.(2-30)

Since the final bottomhole pressure is 3046 psig (3061
psia) and the gas ‘pressure equals the casing pressure at

this point,

]

3061 PCSG + 0.052(8.53) (6011 ~ 1 )

k
2961(11.6)65.7
PCSG

B

PCSG + 0.052(8.53)[6011 ]

PCSG2 - 397.42 PCSG - 999,954.1 = 0

Use of the quadratic equation and the positive root gives

PCSG = 1218 psia. The gas volume is

2961 _
V, = (-1—2—1—-8-)11.6 = 28.2 bbl

and the gas zone length is 28.2(65.7) = 1853 feet.

It is interesting to note that the final value of ca-
sing pressure is the same as if the gas had been circulated
to the surface using the "Driller's Method" of well control,
maintaining a bottomhole pressure above formation pressure
by 100 psi.

Certain conditions may arise, however, when a meaning-
ful drill pipe pressure is not available. Such instances
include (1) the drill bit could be plugged up, thus shutting
off pressure communication between the drill pipe and forma-
tion; and (2) the drill string could be off-bottom or out of
the hole entirely. It is in these instances that the volu-
metric method for handling upward migration of gas kicks in

a shut-in well is recommended.
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2.2.2 Volumetric Methods

The volumetric method of well control has been sug-
gested by variocus authors*®%'%2as a contingency plan to
handle upward gas ﬁigration in a shut-in well when other
procedures are not applicable. The procedure is as.follows:

(1) Let the casing pressure build to 100 psi above the
initial shut-in value to provide a margin for error.

{(2) Allow the casing pressure to rise by a selected
pressure increment—usually 50 psi is adegquate.

{3) Bleed at constant casing pressure the volume of mud
which would generate a hydrostatic pressure equal
to the selected pressure increment.

Steps 2 and 3 are repeated each time the regquired volume of
mud has been bled from the well. Also, once gas has reached
the surface, the authors recommend no additional bleeding.

The procedure outlined above is usually recommended as
a static procedure, in that no pumping of mud in any fashion
occurs. A variation of this method, known as the dynamic
method!?, is similar to the aforementioned procedure except
that mud is pumped across the top of the annulus, and either
the pump speed or choke setting is adjusted to control the
casing pressure. As each increment of mud is bled from the
well, the casing pressure is allowed to rise as before.

Both methods are shown in Figure 2.6, and an example calcu-

lation of the volumetric method is outlined below.

Example Calculations

The annular geometry of the LSU "B-7" test well is used
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for this example. Referring to Figure 2.9 and eguation
(2.12), the volume of mud needed to create a hydrostatic
pressure of 50 psi in the well (the well has a constant

annular capacity) is given by

_ AP . 50 N
8V = §.052pC, T 0.052(8.53)65.7 - 7 PPis

The casing pressure is allowed to increase from 620 psig

to 720 psig to give a 100 psi safety margin. Then the ca-
sing pressure is allowed to increase an additional 50 psi
and then held constant at‘that value by periodic bleeding
of mud from the annulus using a surface choke until 1.7 bbl
of mud have been bled.

To find the location of the kick zone after the casing
pressure is first built up to 770 psig, equation (2.29) is
used. Since no bleeding has occurred, the gas volume stays
constant as does the gas pressure.

The formation pore pressure is calculated based on
initial conditions [equations (2.2) and (2.3) and Figure

2.9, schematic 11:

Pe 620 + 0.052(8.53)[6011 - 11.6(65.7)]1

I

2946 psig

1

2961 psia

The new bcttomhole pressure after the 150 psi buildup (sché—
matic 2) is equal to (2946 + 150) = 3096 psig. Therefore, a
column of mud having a hydrostatic pressure of 150 psi lies

between the gas kick and the formation, or

hB = 150 psi/[0.052(8.53)psi/ft] = 338 feet
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Once 1.7 bbls of mud have been bled (Figure 2.9,

schematic 3), the gas pressure is given by eguation (2.29):

2961 (11.6)

P2 = AT 6+1.7) "

15

i

2568 psig

Since the bottomhole pressure is now 3096-50 = 3046 psig,

the length of mud between the gas kick and formation is

3046 - 2568
by = 5.052(8.53) =~ 1079 feet

At this point the casing pressure is allowed to in-
crease an additional 50 psi and the cycle is repeated.

The casing pressure—pit volume schedule to be followed by
this example is shown in Table 2.1 and Figure 2.10. Well
conditions for the first cycle are also shown in Figure 2.9,
schematics 2 and 3.

The final well conditions—when the gas reaches the
surface—are shown in schematic 4 of Figure 2.9 and are the
same conditions as those in schematic 4 of Figure 2.7.

The calculation procedure was also discussed in section 2.2.1.

One complicating factor of the volumetric method con-
cerns the treatment of an annulus having more than one annu-
lar capacity. If the annular capacity of the well varies
at different depths, the calculations involved for the
volumetric method can become very complex, especially if
the kick zone lies opposite more than one annular capacity.
One way this can be detected at the surface is by a change

in the rate of casing pressure increase, since the gas will
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change in velocity when it
CASING PRESSURE, PIT GAIN,
moves from one annular ca- psig bbl
pacity to another. 720 11.6
770 11'6}1 2
. ’ 770 13.3 ¢
The previous authors
820 13'3}1 7
. . . 820 15.0 *
made several simplifying
870 15'0}1 -
. . . . 870 l6.7 :
assumptions in their dis-
920 16'7}1 -
. . 920 18.4 ‘
cussions of the volumetric
970 18’4}1 -
method : 970 20,1°°°
) 1020 20'1}1 -
a) The gas remains as 1020 21.8 )
E 1070 21.8,, ,
a continuous slu ic70 23.5 )
d 1120 23.5y)
occu in the en- 1120 25.2 )
pying 1170 25.24,
tire cross-sectional 1170 26.9°7"
1203 26.9
area of the annu- 1203 28.2
lus. Table 2.1
CASING PRESSURE~PIT GAIN RELATION
b} The gas has negli- FOR EXAMPLE ILLUSTRATING

VOLUMETRIC PROCEDURE
gible density.

c) Once gas reaches the surface, no gas is to be pro-
duced.

These assumptions are inherent in the example calculations
shown earlier and may cause considerable error in the cal-
culated versus actual well behavior.

The major objectives of the present study were (1) to
experimentally evaluate the proposed volumetric methods,
(2) to determine the importance of the simplifying assump-
tions made by the authors and (3) to develop a mathematical

model capable of accurately predicting well behavior.



CHAPTER III

EXPERIMENTAL STUDY

3.1 Training Well

In order to experimentally evaluate the volumetric
method of well control, the L.S.U. "B" No. 7 well was uti-
lized. This well is normally used to train industry per-
sonnel in the proper methods of well control. Figure 3.1
is a schematic of the training well, and the layout of the
surface equipment at the well site is shown in Figure 3.2.
The casing is 5-1/2 inch, 17 1b/ft, J-55 pipe cemented at
6140 feet. Simulating the drill pipe is 2-7/8 inch, 6.50
lb/ft, J-55 tubing, run to a depth of 6011 feet. A l1-inch
nitrogen injection line, run inside the 2-7/8 inch tubing
to a depth of 6029 feet, is used to place a nitrogen bubble
on bottom to simulate a gas kick. A check valve, located
at the bottom of the l-inch string, serves to prevent mud
from entering the string if bottomhole pressure increases
too much during the runs.

The BOP stack consists of a Cameron Type U Preventer
and Hydrill. The choke manifold contains one hand-adjustable
choke (1) and three remote-operated chokes [Cameron high
pressure (3), Patterson (4), Swaco Super (2)]l]. Also, the
well is equipped with both ram and annular type blowout pre-
venters and an accumulator. From the weil, the mud flows
through a chcocke, a mud-gas separator (13), and into one of
two mud tanks. Mud conditioning eguipment as well as a
mixing pump are available if needed.

37
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FIGURE 3.1 SCHEMATIC OF L.S.U. TRAINING WELL
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A lightly-treated fresh water-bentonite mud is circu-
lated in the well. Table 5.1 lists the mud properties for
each experimental run. Plastic viscosity was varied from
4 to 57 cp and yield point from 1 to 59 1b/100 ft2?. This
range of viscosities was accomplished by increasing the
bentonite clay content or water content, as necessary, to
the mud in the tanks.

The mud is circulated using a diesel-powered Halli-
burton Model T-10 pump (12). The 1x2-7/8=-inch d4rill pipe
annulus at the wellhead is connected to the pump discharge.
An alternate path for the dynamic method is also shown in
Figure 3.2, in which the mud is pumped directly into the
choke line (15) from the discharge line (16) to simulate
pumping across the top of the annulus. The pump has an
output of 0.038 bbls/cycle at 60 CPM. The capacities of
the l-inch injection line, 1x2-7/8-inch drill pipe annulus,
and 5-1/2x2-7/8-inch casing annulus are 6.4, 24.7, and
91.5 barrels respectively.

A high-pressure nitrogen pump truck injects the gas

into the well through the l-inch tubing (8).

3.2 Experimental Procedure

In evaluating the volumetric method of well control,
two procedures were utilized:
a) the static method, in which no mud is circulated
during the upward gas migration
b) the dynamic method, in'which mud is pumped across
the top of the annulus while the kick is migrating

up the hole.
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A total of 16 experimental runs were made, 13 runs for the
static method and 3 runs for the dynaﬁic method. Of the
13 static runs, twelve followed the volumetric method while
one followed the cénventional drill pipe pressure method.

Table 5.1 shows the range of fluid properties for the
experimental runs and Table 5.2 compares well data such as
initial pit gain and shut-in pressures which are used as
correlating parameters among the runs.

Based on the annular capacity of the drill pipe-casing
annulus (0.0152 bbl/ft) and the mud density, the volume of
mud to bleed to have a 50 psi change in the mud hydrostatic
head is approximately 1.7 bbls. This value is used in the

volumetric procedures outlined in section 3.2.2.

3.2.1 Conventional Drill Pipe Pressure Method

A simplified schematic of the well layout for evalua-
ting the conventional drill pipe pressure method is shown
in Figure 3.3. The basic procedure is to maintain the drill
pPipe pressure at a constant pressure above the initial
shut-in value. Due to considerations of the well, however,
it was decided to bleed a certain amount of drill pipe
pressure rather than holding it at one particular value.

The procedure for evaluation of the conventional drill
pipe pressure method is outlined below.

(1) Circulate the entire well (3300 strokes) with the

mud to be used in the run. Catch a mud samplg and
measure its properties.

(2) Close all valves in choke manifold (5 in Figure
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(3)

(7)

(8)

(9)
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3.2) except those which route the flow through the
hand-adjustable choke (la). Close the
hand-adjustable choke (1).

Close reméte-operated valve upstream of choke
manifold (9) and open the bypass line (17) from
the well to the pit (11).

Zero pump stroke counters and check mud level in
the pit using a metered stick.

Inject nitrogen into well through 1.315-inch
injection line (8) at approximately 1000 SCF/min.
After mud level in pit has risen to the desired
value, close the bypass line to the pit and open
the remote-operated valve upstream of the choke
manifecld.

Continue injecting nitrogen until desired casing
pressure 1s reached., Then stop nitrogen injection
and pump a few strokes with mud pump (12) to move
gas kick away from drill pipe annulus.

At the time this procedure was carried out, the
check valve was not in the 1.315-inch line. So
the line had to be filled with mud to prevent
additional feed-in of the gas. So the line 1is

opened at the surface and mud is pumped down the '

drill pipe annulus, keeping the casing pressure con-

stant. Once mud is bled from the line at the sur-
face, the pump is shut off and the line is closed.
Note values of stabilized casing and drill pipe

pressures at this time and record as initial



(10)

(1)

(12)

(13)

(14)

(15)
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shut-in values.

Recheck pit level to ascertain total gain. Re-
cord the value as initial pit gain.

Allow érill pipe pressure to build by 100 psi
above initial shut-in value., Then allow it to
build about 20 psi more.

Using hand-adjustable choke (1), slowly bleed
down the drill pipe pressure until the pres-
sure is 100 psi above the initial wvalue.

Close hand~-adjustable choke and allow pressure
to build up a little.

Repeat steps 12 and 13 until the drill pipe
pressure stabilizes to a final value (100 psi
above the initial shut~in value).

Record time, drill pipe and casing pressures,
and incremental volumes of mud bled from the
annulus during each cycle. The volume of mud
bled into the pit is measured using a metered
trip tank (l14). Once the tank is filled with
mud, the drain valve is opened to drain the

mud into the pit.

Volumetric Methods

The procedures outlined below describe the experi-

mental evaluation of the static and dynamic methods for

handling upward gas migration when only casing pressure is

available.

The present well configuration is described in

the procedures and variations in the procedure for the
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earlier experimental runs are discussed afterwards.

It should also be pointed out that the volumetric me-
thods state that bleeding should occur at constant casing
pressure until the incremental volume of mud has been bled.
Due to difficulties in monitoring the casing pressure and
pit volume simultaneously while adjusting the choke setting,
the procedure was modified so as to allow the periodic
bleeding of a given pressure change in the casing rather

than holding it constant.

Static Method

The procedure followed in evaluating the static method
ig as follows (see Figures 3.2 and 3.3):

(1) Follow steps 1 through 7 of the conventional drill
pipe pressure method.

(2) Follow steps 9 and 10 of the conventional drill
pipe pressure method.

(3) Allow casing pressure to build by 100-150 psi
above initial shut-in value. Then allow it to
build an additional 50 psi, the incremental pres-
sure value used on all test runs.

(4) Using the hand-adjustable choke (1), bleed 50
psi off the casing pressure. Then close the
choke and check the increase in pit level using
the metered stick., 1If it is less than 1.7
barrels, allow the casing pressure to build by
50 psi. Continue to bleed mud and build the ca-

sing pressure until 1.7 barrels have been gained
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in the surface pits. Record shut~in values of
casing and drill pipe pressures, time, and incre-
mental volumes of mud bled from the annulus.

(5) Allow tﬂe casing pressure to build to a value of
50 psi above the previous buildup value from step
3.

(6) Repeat steps 4 and 5 as required. Once gas
reaches the surface and no more mud bleeds from
the well, hold the casing pressure constant at
the previous value. Continue bleeding gas
periodically until the casing pressure no longer
increases, signifying that all of the gas has
migrated to the top of the annulus.

In the early experimental runs there was no check
valve on the 1.315-inch injection line. For these runs
step 8 of the conventional drill pipe pressure method is
followed; namely, mud is pumped into the drill pipe annu-
lus to displace the gas in the injection line. 1In addition,
a trip tank (14) was used for measuring the volume of mud
bled from the well, It was later noted that adequate volu~-
metric accuracy could be obtained using the large mud pit

and a metered stick to measure pit level changes.

Dynamic Method

The dynamic method is essentially the same as the sta-
tic method, except that mud is pumped through the kill line,
across the annulus, and back through the choke line into the
mud pits. At the test well, however, the choke line and

kill line were connected to a 4-foot length of pipe which
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was joined to the spool on the well head. Thus, mud was

not pumped across the top of the annulus, but rather at a

point 4 feet from the annulus. This setup virtually reacts

the same way that the recommended setup would prior to when

gas reaches the surface. The main problem with this setup

is that both the drill pipe and casing pressure gauges

read casind pressure. In order to read the drill pipe pres-

sure the well had to be entirely shut in and the pump dis-

charge line (16) reconnected to the drill pipe annulus.

Figures 3.2 and 3.3 show the setup for the procedure.

The procedure for the dynamic method is as follows:

(1)

(2)

(3)

(4)

(5)

Follow steps 1 through 7 of the conventional drill
pipe pressure method, except that the
remote-operated Swaco Super Choke (2) is used
rather than the hand-~adjustable choke.

Follow steps 9 and 10 of the conventional drill
pipe pressure method.

Valve number 7 connecting the drill pipe annu-
lus to the pump is closed and valve number 6
between the choke line and pump is opened.

By doing this the pump is flowing mud in a
U~-pattern across the line leading from the ca-
sing annulus,.

Allow the casing pressure to build to a value
100-150 psi above the initial shut-in value.
Open Swaco choke to 1/4 open, and adjust pump
speed to hold casing pressure constant at the

buildup value.
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(6) Monitor pit level. Once 1.7 barrels is returned,
either increase pump speed or decrease choke
setting‘until casing pressure has risen 50 psi.

(7) Repeat step 6 as necessary. Once gas reaches
the surface, hold casing pressure constant (as
long as no more pit gain is noticed).

(8) Record casing and drill pipe pressures, time, pit
gain, and pump rate at different times during the
run.

As with the static method, the early experimental runs
using the dynamic method had no check valve on the injection
line. However, once the nitrogen was displaced with mud in
the line a drill pipe pressure was available. Also, a trip
tank (14) was used initially for volume measurements but
was later removed and a metered stick monitored level changes

in the mud pit.
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CHAPTER 1V

COMPUTER MODEL DESCRIPTION

A valuable aid to the control of the upward migration
of gas kicks in a shut-in well would be a means of predic-
ting the kick's effect on wellbore pressures as a function
of time and volume of mud bled at the surface. For example,
if the fracture pressure of the formation at the casing
seat is known to be low, it is important to predict if the
volumetric method of well control would prevent excessive
pressure buildup so as not to fracture the formation or if
some other well control procedure would be advisable.

It was an objective of this study to develop a compu-
ter program capable of accurately predicting well behavior
during the upward gas migration period such as surface and
bottomhole pressures, kick location, and pit volume changes
(for the volumetric method) as a function of time. This
program would be especially valuable in stripping opera-
tions when it is important to keep track of the volume bled
from the well. Presently the expansion of the gas is not
taken into account when keeping track of the volume to
bleed while stripping pipe into the hole. 1Initially the
kick is located in open hole., As the stripping operations
progress, the kick first lies opposite the drill collars and
finally the drill pipe itself. The casing pressure increa-
ses due to the increase in the gas zone length at these lo-
cations. Thus if the program could predict these changes

50



(START)

4

Read Well Geometry,
Kick bata, and
Mud Properties

Initialize Data and
Calculate Constants to
be Used in Program

¥
Print Input Data

and Selected Constants

(Annular Capacity, n, K)

‘V.

Assume Kick is Initially on Bottom
and It is a S8lug Occupying Entire
Cross-Sectional Area of Annulus

Y

Call subroutine
CNVERG

Y

PRINT Time, Casing Pressure, Bottomhole
Pressure, Pit Gain, Gas Zone Length
and Location, Gas Holdup, and Gas Density
{(Well Data)

Y

l Build Casing Pressure by 200 psi AJ

A

Calculate Rate of Pressure Increase

in Well

Y

Call Subroutine
CNVERG

L

Print Well Data
FIGURE 4.2
FLOW CHART OF COMPUTER MODEL
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<START )
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A

Calculate Average Gas Temperature
and Pressure

A

Calculate z-Factor

Y

Calculate Average
Gas Density

Y

Is Percent Difference
Between Last Two Values
of Gas Density < 0.17?

Calculate Gas
NO - )
/ Slip Velocity

Y

Calculate Velocity of
Mud in Liguid Backflow Region

YES Calculate Gas
Holdup for Slug

A

Calculate Pressure
Drop Due to Mud
Acceleration Effects

|

Calculate
Bubble Length
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Y

Find Kick
Bottom and Bottomhole
Pressure

RETURN

FIGURE 4.3
SUBROUTINE CNVERG
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4.3.1 Gas Slip Velocity

The calculation of gas slip velocity is an iterative
procedure and is taken care of in a subroutine of the pro-
gram. Equations (2.13) and (2.14) are used in the calcu-
lations. The slip velocity is used to keep track of the
location of the gas bubble as it migrates up the hole.

In addition, it is used to calculate the fraction of the
annulus cross-sectional area occupied by the gas and the

rate of surface casing pressure increase.

4.3.2 Liguid Backflow Velocity and Gas Holdup

The derivation of the equations for the velocity of the
mud in the backflow region opposite the gas bubble was co-
vered in Chapter 2. The procedure used in the computer pro-
gram is to calculate the velocity for both laminar and tur-
bulent flow [eguations (2.1l9%a) and (2.19b)] and take the
smaller value as correct. Combining this value and the
value of slip velocity from equation (2.13) will give a
value for the fractional cross-sectional area of the annu-
lus occupied by the gas (equation 2.16). However, Figure
2.5 should be entered to correct the value of gas fraction

for the viscous effects of the gas-liquid interface.

4.3.3 Pressure Changes Due to Acceleration Effects

The pressure drop which occurs immediately above the
gas bubble due to the acceleration of the mud as it slips
past the upper curved surface of the gas is calculated using
equation (2.23). This pressure drop is required in the cal-

culation of the average gas pressure which in turn is used
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to calculate gas density. The pressure recovery as the mud
decelerates once it has passed below the gas zone is calcu-
lated again using equation (2.23) and is necessary for the

calculation of bottomhole pressure.

4.3.4 PVT Behavior of Gas

An average gas density is calculated from the real gas

equation of state:

- pM
pg = 80.2 zT I ETE Y
where P = average gas pressure, psia

M = molecular weight of gas, lb/lb-mole

N
L]

average gas compressibility factor
T = average gas temperature, °R
Since gas gravity is read into the program the molecular

weight is given by
M = K 28,0964 weeiereencsosnrascoacsnansese{ds2)
Yg

where Yg = gas gravity (air = 1.0)

Using the gas gravity of the kick, the pseudoreduced
temperature and pressure are computed, and these in turn
are used to calculate the gas compressibility factor.

The pseudocritical properties are calculated from

el
n

708075_5705Yg ootoutol'ottauttoon.(4'3a)

c

Tc = le9 + 314Yg T ] )
where P, = pseudocritical pressure, psia

T = pseudocritical temperature, °R
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With the pseudocritical properties known, the pseudo-

reduced pressure and temperature are given by

‘..............-..--...-...........(4-46.)

=
éoh“

T
Tr = 5 c e e s acseeesarsecavssssscacansaceal(d.4b)
C

where p_ = pseudoreduced pressure

Tr = pseudoreduced temperature
The gas compressibility factor is then estimated by use of
a subroutinel!” which uses a hard-sphere equation as the basis
for calculation and the Newton-Raphson method for rapid
convergence. The subroutine allows extrapolation to wvalues
of reduced pressure above 15, the maximum reduced pressure
data taken by Standing and Katz!® for the formation of the
z-factor chart shown in Figure 4.4. The agreement between
the subroutine and the chart is excellent except for values
of reduced temperature less than 1.10.

Based upon the previous location of the gas zone, the
model performs an iterative procedure using gas density,
slip velocity, gas fraction, and gas zone length as the
variables. Once the new value of gas density is within 0.1
percent of the last computed value, convergence is complete.
Bottomhole pressure as well as other pa;ameters are then
calculated. These calculations all take place in subroutine

CNVERG.

4.3.5 Rate of Casing Pressure Change

The rate of change of the surface casing pressure is
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directly related to the velocity of the leading edge of

Ll the gas slug. Thus equation (2.25) gives the rate of sur-
face casing pressure increase as the gas migrates upward
in‘a shut-in well.‘ The computer calculates this value and
uses it to compute the time required for a given caéing

pressure change to occur during the buildup periods.

e’
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CHAPTER V

DISCUSSION OF RESULTS

The major objectives of this study were:

(1) to experimentally evaluate the proposed methods
for safe handling of gas kicks migrating upwards
in a shut-in well

(2) to determine the relative importance of the simpli-
fying assumptions made by previous investigators

(3) to develop a mathematical model to accurately pre-

dict upward gas migration.

As a consequence of the second objective above, the following

parameters were also studied:
a) initial size of kick
b) viscosity of the mud
¢) initial shut-in wellhead pressures

d) fragmentation of the gas

5.1 Experimental Evaluation of Proposed Technigues

The following subsections discuss the results obtained
using the proposed methods for maintaining control of a
well if a gas kick is taken and normal kill procedures can-
not be implemented. These methods include:

1} Conventional drill pipe pressure method

2) Static Volumetric method

3) Dynamic Volumetric method
Table 5.1 lists the properties of the mud used for each ex-
perimental run and Table 5.2 presents other well parameters

62
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such as initial gain and shut~in Pressures. Appendix A

S contains tabulated pressure-volume-time data for all the
runs.
5.1.1 Conventional Drill Pipe Pressure Method

The conventional method of handling upward gas migra-
tion is through maintaining a constant drill pPipe pressure
and thus bottomhole pressure. As long as a meaningful drill
pipe pressure is available, this method normally would be
preferred.

Figure 5.1 is a plot of casing pressure and drill pipe
Pressure versus time for experimental run number 3. For
this run, the drill pipe pressure was held constant through
manipulation of a hand~adjustable choke. Variations in ca-

{:? sing pressure as bleeding pProgressed were studied.

One interesting feature of Figure 5.1 is that prior to
8:28 p.m., the casing pressure continued to build although
drill pipe pressure was relatively constant. After 8:28 P.m.,
casing pressure stabilized and began changing by the same
amount the drill pipe pressure did. This stabilization isg
due to gas reaching the surface. After this time only gas
was produced and thus the casing pressure did not need to
increase due to loss of mud.

For this particular example, since drill pPipe pressure
remains constant, bottomhole Pressure stays constant as
well. The early increase in casing pressure is due to the
loss of mud from the well and its hydrostatic pressure.

This type of pressure profile is seen in normal well control
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operations, in that prior to gas reaching the surface,
casing pressure builds although drill Pipe pressure is held
constant.

A second featﬁre of Figure 5.1 is that once gas reaches
the surface, a period of 4 hours is required for thé pres-
sures to stabilize. This period of continued pressure in-
crease is due to gas fragmentation, to be discussed in a
later section. The bubble, as it migrates upward, is con-
tinually being broken up at its trailing edge due to the
turbulence created by mud slipping below the gas. Another
cause of increased fragmentation, especially for this ex-
ample, is that the lower the viscosity of the mud, the more

the gas appears to fragment and string out in the well.

5.1.2 Static Volumetric Method

For the static volumetric method, casing pressure is
monitored in combination with pit level changes for situa-
tions when a meaningful drill pipe pressure is not avail-
able. The experimental runs were conducted at the B-7 test
well in such a manner as to monitor both casing and drill
pPipe pressure data to ascertain the feasibility of this me-
thod. The static method also was modified in that bleeding
was continued after the gas had reached the surface, as long
as casing pressure continued to increase.

Figure 5.2 is a pressure-volume-time plot for experi-
mental run 12, A viscous mud was used in this particular
run and a 1l6.5-bbl gain was taken. The initial shut-in

casing pressure was allowed to build by 200 psi and then
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the static volumetric mefhod was implemented.

The most important observation is that the drill pipe
pressure never fell below the initial shut-in value during
the run. Although‘the drill pipe pressure slowly decreased
during the early portion of the bleeding, once gas reached
the surface the pressure began to rebuild and approach the
initial buildup value. Again, as in the conventional drill
pipe pressure method, casing pressure continued building
after gas had already reached the surface, signifying that
fragmentation of the gas had occurred.

Figures 5.3, 5.4, and 5.5 graphically display the
Pressure-volume-time data for experimental run numbers 7,
9, and 11, respectively. Similar trends in the pressure
behaviors can be seen, especially the fact that at no time
did the drill pipe pressure fall below the initial shut-in
value. Therefore the well would remain in control and no
additional influx of formation fluids would occur. There-
fore by including the modification that bleeding should
continue even after the gas reaches the surface, the static
volumetric method does maintain bottomhole pPressure above
initial formation pressure, thereby maintaining well con-
trol. The importance of this modification is shown in a

later section.,

5.1.3 Dynamic Volumetric Method

The dynamic method was suggested as an alternate
procedure to the static volumetric method. This method

allows continuous bleeding from fhe annulus by pumping
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across the top of the annulus and maintaining a constant
backpressure, This backpressure is varied according to the
volume of mud bled from the well in the same manner as the
static method. h

Run number 15 (Figure 5.6) is an experimental Qerifi—
cation of the dynamic method., The choke was set at 1/4-open
and initially pump rate was adjusted to hold the casing pres-
sure at the desired value. As the figure shows, up to the
point that gas reached the surface it was easy to hold the
casing pressure relatively constant. However, after gas
reached the surface it was difficult to maintain a con-
stant pressure on the casing due to the high compressibi-
lity of the gas.

A physical problem of the well while evaluating the
dynamic volumetric method is that drill pipe pressure can-
not be monitored constantly during the run. By shutting
the well in, however, and adjusting a few valves, drill
Pipe pressure can be read. This was done for run number
15 after gas had been at the surface for a short time.

Note that the drill pipe pressure was 130 psi above the ini-
tial shut-in value. For an ideal run, the pressure should
have been 100 psi above the initial value. Thus, the dy~-
namic method can successfully maintain well control.

Another interesting result of this particular run is
that at one point mud began being pumped back into the well
due to having too great a backpressure on the annulus.

Once the well was shut in again, the drill pipe pressure
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read 580 psig—90 psi above the value it would have been

for an ideal run. However, at this point 1.9 barrels of

mud had been pumped back into the well (equivalent to a
hydrostatic head of 56 psi). Therefore, if mud is acci-
dentally pumped into the well, the casing pressure should

be decreased by the equivalent hydrostatic head the mud
would exert in the annulus [equation (2.12)]. This could

be an excellent way to remove the gas kick from the well and

replace it with mud, making the well easier to control.

5.1.4 Comparison of Volumetric Procedures

As discussed in the previous sections, both the static
and dynamic procedures of the volumetric method for handling
upward migration of gas kicks will maintain well control.
The question is how do the two procedures compare with each
other under the same situations.

A comparison was carried out using the same kick size,
initial shut-in pressures, and mud properties for experi-
mental runs 14 (static) and 15 (dynamic). Figures 5.6 and
5.7 graphically illustrate run numbers 15 and 14, respec-
tively, and selected results are shown in Table 5.3. It is
intéresting to note that more mud is bled from the well
when utilizing the dynamic method, and in a much shorter
time span, than the static procedure. Also, gas fragmenta-
tion seems to be less severe for tﬁe dynamic method since
the period of time from first gas production to casing pres-
sure stabilization is much less than for the static proce-

dure (casing pressure stabilization is defined as that point



76

C

199 *NI-LNHS .TVILINI 3ONIS @378 anW

1 "ON NN —— QOHLIW OIYLINNTOA
OILVLS HO4 VIVA JNIL-3INNTIOA-34NSSIYd L°G 3HN9I4

ulw:say ‘JWIL
wo 00:2l 00:0! 00:8 wd 00:9
o) 1 ) 1 ¥ 1 i 1
199 6°01 = uip9 [DHIV|
z4001/A1 & = iulod PIalA
2 F ddeg = "OSIA OHSD|d
‘| = K
6dd g'g = Ajisuag pniN voo¢

3did T11Ha

ONISVO

009

008

000l

bisd ‘IYNSSIY



77

in the run when the rate of change of surface casing pres-
sure is less than 1 psi/min). This difference could be due
in part to the effects of the sudden pressure drops that
occur when mud is bled using the static method. The gas
would tend to have a more rapid and erratic expansion during
these times, resulting in additional gas fragmentation. The
gas would then be strung out over a largexr portion of the
well, hence the reason that the pressure stabilization for
run number 14 takes a long time.

The volumetric procedures can also be compared based
on the ease of operation. For the static¢ method, manipu-
lation of the choke and monitoring pit level are all that
are necessary. For the dynamic method the pump stroke rate,
choke setting, and pit level must be monitored. The problem
of maintaining a constant casing pressure occurs after gas

reaches the surface. Due to the high compressibility of the

RUN 14 RUN 15
DATA (STATIC) (DYNAMIC)

Time to Take Kick, min 17 18
Time to Bleed First

Increment of Mud, min 108 59
Time for Gas to First

Reach Surface, min 108 112
Time Until Only Gas

Being Produced, min 187 149
Total Mud Bled

from Well, bbl 3.51 4.9
Time for Casing Pressure

to Stabilize, min 360 240

Table 5.3

COMPARISON OF VOLUMETRIC METHODS
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gas, it is difficult to maintain the desired casing pres-
sure, Both choke setting and pump rate must be adjusted
simultaneously. Prior to gas reaching the surface, however,
all that is necesséry is to set a choke setting and adjust
pump rate to keep the required casing pressure.

5.2 Effect of Various Parameters on Pressure Behavior
During Volumetric Method

As was discussed in Chapter 1, the previous investiga-
tors of the volumetric method made several assumptions:

l) Gas density is negligible

2) The gas remains as a continuous slug occupying the

entire cross-sectional area of the annulus

3) Once gas reaches the surface, no gas is to be pro-

duced since all gas is at the surface.

The assumption of negligible gas density is valid and
does not introduce much error into the calculations. How~
ever, the second assumption of a continuous gas slug occu-
pying the entire cross-section of the annular region is not
valid. The result of using this assumption is to predict
too many required bleeding cycles for gas to reach the sur-
face as showﬁ in Figure 5.8. Also, the gas does not remain
continuous, but fragments into one large slug and a trailing
edge of bubbles. This idea is carried over in the third
assumption that once gas reaches the surface, no gas is to
be produced. Due to bubble fragmentation, bubbles of gas
are still rising in the well after the main slug has reached

the surface. These smaller bubbles are at a higher pressure
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and thus continue building up the casing pressure. A dis-
cussion of the pressure behavior of a well that is shut in
once the kick first reaches the surface is presented later
in this chapter. ’

The following sections discuss the phenomena of gas
fragmentation in detail, the effect of initial kick volume,

mud viscosity, and initial shut-in pressures.

5.2.1 Kick Size

A comparison of experimental run numbers 7, 11, and 12
is shown in Table 5.4. For these runs, the only parameter
varied was initial gain taken. From this table, the fol~
lowing generalizations can be made concerning the effect of
increasing the initial size of the kick:

(a) Less time will transpire from initial shut-in to

the first gas produced,
(b) Less time will transpire from initial shut-in to

bleeding only gas at the surface.

DATA RUN 7 RUN 11 RUN 12

Initial Gain, bbl 5.1 10.53 16.5
Time for Gas to First

Reach Surface, min 142 95 76
Time Until Only Gas

is Produced, min 171 129 125
Initial 9Ps/dt,

psi/min 7.6 9.1 . 9.5
Time for Casing Pressure

to Stabilize, min 276 222 204
Total Mud Bled

From Well, bbl 3.51 4,21 8.43

Table 5.4

EFFECT OF KICK SIZE
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(c) The rate of casing presure change increases for
the shut-in periods.
(d) The casing pressure stabilizes sooner (essentially
all gas ié at the surface since dPs/dt is about
1l psi/min).
{e) The total mud bled from the well increases.
It is also noticed that the size of the gain has no effect
on the time elapsed from the first gas reaching the surface

until all the gas i1s at the surface. A possible explana-

tion for this effect is that the severity of bubble fragmen-

tation is not dependent upon the size of the kick. Essen-
tially the same volume of gas is fragmented for any size
kick, since the table shows only a small decrease in time
from when all gas is produced until all the gas is at the
surface. On a percentage basis, the larger the initial
gain, the smaller will be the portion that is fragmented
and strung out below the first slug of gas.

An expected result that can be seen is that gas slip
velocity increases as bubble size increases. Although it
is partially masked by the increase in initial gain, the
higher slip velocities are readily seen by the increase of
the rate of change of casing pressure with bubble size.
Both of these phenomena are created by less fragmentation
of the gas at higher initial gains. Thus, the bubble mi-
grates upward more as a unit. This is also the cause for
the increase in mud b;ed from the well, The magnitude of
the mud bled during run number 12 seems high compared to

the other runs. However, theoretical calculations affirm



82
that the larger the initial gain, the larger will be the

mud volume bled from the well.

5.2.2 Mud Viscosity

The effects of mud viscosity on the well behavior for
the volumetric method are shown in Table 5.5. Although
variables such as pit gain and initial shut-in pressure
were not held constant for the experimental runs shown, the
qualitative effects of increasing mud viscosity, holding
all other variables constant, are as follows:

(a) The gas apparently reaches the surface sooner.

(b) The casing pressure stabilizes much soconer (all

gas 1is at the surface).

(c) The rate of change of casing pressure during the

shut-in periods increases.

{d) Total mud that is bled from the well doesgs not seem

DATA RUN 2 RUN 14 RUN 11 RUN 13

Plastic Viscosity, cp 6 9 33 48
Yield Point, 1lb/100 ft2 2.5 4 24 44
Gel Strength, 1lb/100 ft?2 - 1.5 24 31
Time for Gas to First

Reach Surface, min 140+ 108 95 59
Time Until Only Gas

is Produced, min 215+ 187 129 73
Iintial 9P_/dt, psi/min 3.7 4.7 9.1 13.3
Time for Casing Pressure

to Stabilize, min >464 410 222 132
Total Mud Bled

from Well, bbl 3.26 3.51 4.21 4.38

Table 5.5

EFFECT OF MUD VISCOSITY
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to be affected except for maybe a slight increase
with viscosity.

The gas reaches the surface soconer for the thicker muds
because bubble fraémentation is not as severe. The wviscous
mud "holds" the bubble together and thus it migrates upward

more as a unit. This is also evidenced by the tendency of

- the bleed time to decrease as mud viscosity increases, which

says that very little fragmentation occurs with the

higher-viscosity muds.

5.2.3 Initial Shut-In Pressures

Based on the available data from the experimental runs
conducted, only certain correlations could be ascertained
for the effect of the magnitude of initial shut-in pressures
and are presented in Table 5.6. The effect of increased
surface shut-in pressures seems to be a decrease in rate of
change of surface casing pressure. This is to be expected
since bubble rise velocity is proportional to the square

root of the density difference between the gas and mud

DATA RUN 2 RUN 14 RUN 9

Initial Shut-in Drill Pipe

Pressure, psig 530 380 315
Initial Shut~in Casing

Pressure, psig 830 750 620
Initial Gain, bbl 10.3 10.9 11.6
Total Mud Bled

From Well, bbl 3.3 3.5 7.2
Initial 9Pg/dt, psi/min 3.7 4.7 5.7

Table 5.6

EFFECT OF INITIAL SHUT-IN PRESSURES
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fequation (2.13)]. Thus, as pressure increases gas density
increases as well, resulting in a decreése in gas slip ve-
locity; and for a large bubble of gas migrating upward in
an annulus, the rafe of casing pressure increase [equation
(2.25)] is proportional to gas slip velocity.

The second trend in increasing the initial shut-in
pressures is that more mud is bled at the surface. This
effect, like the rate of change of surface casing pressure
increase, may be partially masked by the slight increase in
gain as shut-in pressures decrease for the examples shown.
However, the trend of increasing mud bled with increasing
rate of change of surface casing pressure has been seen

already (Tables 5.4 and 5.5).

5.2.4 Gas Fragmentation

The purpose of this section is to present the effects
of the various parameters in gas fragmentation in one table.
Thus, Table 5.7 summarizes the effect of (1) using the sta-
tic versus dynamic procedure of the volumetric method, (2)
initial pit gain, (3) mud viscosity, and (4) initial shut-in
pressures.

Previous authors advise for the volumetric procedure
that once the gas reaches the surface no gas should be pro-
duced. The well is to be shut in and supposedly the casing
pressure stabilizes at this time. Their assumption is that
no fragmentation of the gas kick occurs. Thus, when the
gas reaches the surface all the gas is at the surface.

The inaccuracy of the above recommendation is shown in
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1. Dynamic versus Static Method

with time.

2. Initial Pit Gain

dependent of bubble size,

3. Mud Viscosity

times with gas at the surface.

4. Initial Shut-In Pressures

No real trend could be seen.

Bubble fragmentation is less for the dynamic me-
thod due to more uniform changes in well pressures

Bubble fragmentation seems to be essentially in-

Bubble fragmentation is inversely proportional

to the viscosity of the mud. As viscosity of the
mud increases, the bubble tends to stay together
more as a slug, resulting in shorter bleeding

Table 5.7
SUMMARY OF EFFECT OF VARIOUS
PARAMETERS ON GAS FRAGMENTATION
Figure 5.9 for run number 16. A viscous mud was
the study and an 18.5 bbl gain was taken. After

taining that the gas had reached the surface the

shut in. The 270 psi increase in surface casing

used in

ascer=-

well was

pressure

after this point shows that not all the gas had yet reached

the surface but was still migrating upwards. The drill pipe

pressure also increases by 250 psi, signifying an increase

in bottomhole pressure by the same amount [equation (2.1)].

Although this pressure increase due to shutting in the

well when the gas first reaches the surface may not be se-

vere for some instances, in other cases it may be sufficient

to cause a breakdown of a low-strength formation in the

uncased portion of the well, resulting in an underground
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blowout. 1In addition, this run was conducted using a
viscous mud. Therefore, the fragmentation was not as severe
as it would be for thinner muds. Thus, thinner muds would

result in even larger pressure increases after shut-in.

5.3 Computer Model

An early version of the computer model was designed to
read in the various changes in surface casing pressure that
occurred for a particular run. In this manner the model
could be verified by comparing bottomhole pressure calcula~
ted versus pit gain for the experimental run and the compu-
ter model.

An example verification is shown in Figure 5.10 in
which experimental run number 9 is plotted along with the
computer program results. It can be seen that the computer
model overpredicts the volume of mud that is bled at the
surface which is the main reason that the bottomhole pres-
sures calculated steadily decreases. The reason for this
overprediction is that gas fragmentation is not taken into
account in the program. Thus, during the bleeding periods
the entire bubble is expanded. With fragmentation taken
inﬁo account, only the main slug of gas highest in the well
would expand significantly.

In addition, the calculated rate of change of casing
pressure during the shut-in periods was far in excess of
the field data. Again the reason is that gas fragmentation
is not allowed for in the program. Fragmentation would re-

sult in much slower changes in the surface casing pressure
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89
consequently the gas would migrate upwards more during
shut-in periods.

An interesting feature of Figure 5.10 is that initially
model matches'the field data. This is believed to be

to the gas remaining essentially as a slug when it is

injected into the well (see Appendix B). Therefore, as it

migrates upward the bubble begins to fragment and create

the

divergence between the experimental and computer results.



CONCLUSIONS

As a result of the study of the upward migration of

gas kicks in a shut-in well, the following conclusions can

be drawn:

1)

3)

4)

3)

6)

The assumption made by early authors that the gas

kick remains as a continuous slug during upward gas

migration was found to be invalid.

The following factors were found to significantly

affect gas fragmentation:

(a) viscosity of the mud

(b) the manner in which pressure is bled from the
well (i.e., static versus dynamic volumetric
method)

The following factors affect the rate at which the

first gas bubbles reach the surface:

(a) initial pit gain

{b) viscosity of the mud

Pressure buildup in the annulus of a shut-in well

containing a gas kick is affected by

(a) initial pit gain

(b) viscosity of the mud

(c) initial shut-in pressures

In spite of a portion of the gas reaching the sur-

face prematurely due to fragmentation, the modified

volumetric method of handling upward gas migration

is a valid and practical technique.

Contrary to previously accepted practices, the

90



7)

91
venting of gas that reaches the surface prematurely
does not cause any problems in maintaiﬁing well con-
trol, as long as a portion of the gas is still
rising in the well. This is indicated by a contin-
uous increase in the shut-in casing pressuré.

With the proper modifications, both the static and
dynamic volumetric methods can be used with success.
The choice depends on individual and mechanical

considerations.



ij)

RECOMMENDATIONS

As a result of this study the following recommenda-

tions are suggested:

1)

2)

4)

5)

Additional studies on the effect of various well
parameters on bubble fragmentation should be taken
into account and incorporated into the computer
model.

A drill pipe pressure tap should be installed at the
test well in the flow line to the drill pipe annulus
such that the drill pipe pressure is available for
any valve configuration (i.e., for the dynamic me-
thod).

A better procedure should be incorporated to moni-
tor changes in the surface pit level. If possible,
a critical flow prover should be installed upstream
of the mud~gas separator to monitor the volume of
gas being bled.

A pressure recorder should be installed at the test
well to provide a continuous pressure-time plot

for both the casing and drill pipe pressures during
the experimental runs.

A means of monitoring bottomhole pressure directly
during experimental runs at the test well should be
implemented to ascertain the cause for the reduction
of drill pipe pressure during the early portion of
the static¢ volumetric method.
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APPENDIX A

LISTING OF DATA FROM EXPERIMENTAL RUNS

The following,statements are to be referred to when

reading the "comments'" column in the Tables.

a.

b.

L f .

SI.

3

s

Begin kick injection.

Shut annular preventer and open HCR valve, making
sure all chokes are closed. Build pressure of gas
kick by continuing N, injection.

Stop N, injection. Build casing pressure to de-

2
sired value using pump.

Bleed l-inch injection line clean of gas, holding
casing pressure constant with pump.

Begin buildup period.

Switch valves on choke line to allow mud to flow
from pump to choke line (essentially pumping

across the top of the annulus).

Start pump and hold casing pressure at the desired
value.

Build casing pressure to 50 psi above previous
buildup value (one increment of mud has been bled).
Begin bleeding.

Shut well in.

First gas produced at surface.
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TIME, p.m. °CSC Pop GAIN(BD1) dpg/dt
(hrs:min) (psig) (psig) Inc. Total (psi/min) COMMENTS
6:38 ~ 535 a
:50 645 b,c
7:00 695 d
:15 1000 700 6.0 e
125 1030 730 kB
:36 1100 790 4.9
:48 1150 840 0.06 6.06
:56 1200 880 4 B
:58 1160 850 0.42 6.48 20.0 SI
8:00 1200 . B
:01 1080 730 0.43 6.91 SI
: 07 1105 765 “T“
120 1190 850 5.2
:21 —r— B
124 1200 860 n.28 7.19 SI*
125 B
$33 1130 770 0.55 7.74 = SI,h
141 1190 830 6.3
:52 1250 890 — B
:53 1210 850 0.40 8.14 5.0 ST
9:01 1250 880 : B
g*@ 104 1200 830 0.02 8.16 5 6 ST
e :13 1250 880 ' B
:19 1220 870
:32 1190 825 0.04 8.2 5 g ST
144 1260 900 ' B
:50 1185 820 7.5 ST
10:00 1260 890 : B
: 09 1190 820 5.0 SI
122 1255 890 : B
:30 1195 820 L6 SI
142 1250 880 : B
:51 1180 810 41 SI
11:08 1250 880 : B
:19 1205 830 3.4 SI
:38 1270 900 ‘ B
t 49 1195 830 2.8 SI
12:09am 1250 880 ‘ B
124 1140 760 SI
7:20 1140 780 0.0
Mud Weight: 8.52 ppg
Plastic Visc.: 4.0 cp
Yield Point: 1.0 1bs/100 ft?
Table A-1

(‘3 RUN NO. 1
< (Static Method)
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(Static Method)

TIME, p.m. 1CSG PP GAIN(bbL) dp /dt
(hrs:min) (psig) (psig) Inc. Total (psi/min) COMMENTS
4152 660 350 a,b,c
5:11 705 400 d
126 830 530 10. 3 —_ e
6:06 970 650 3.7
112 1000 670 — B
:18 825 480 0.75 11.05 —_ ST
143 930 580 4.2
7:00 1000 650 —t B
:03 1000 650 0.47 11.52 5 0 ST
:12 1045 690 : B
: 21 1010 640 0.48 12.0 5 8 SI,h%*
$ 27 1045 665 : B
: 37 1005 615 0.59 12.59 6.1 ST
146 1060 660 : B
:52 1070 680 0.24 12,63 6.7 ST
:55 1090 700 - B
8:05 1005 600 0.43 13.26 5 6 SI
:13 1050 640 : B
:19 1000 595 0.16 13.42 6.2 SI
227 1050 640 ‘ B
133 1000 590 4.6 SI
g‘\ 146 1060 650 : B
e 256 980 570 3.9 ST
9:12 1050 640 : B
128 1000 590 46 SI
140 1055 640 : B
146 1030 625 0.02 13.44 SI
: 48 B
: 55 1000 585 0.02 13.46 3.7 ST
10:10 1055 640 : B
:19 975 560 3.9 SI
146 1060 650 ' B
:56 980 570 0.04 13.50 2.5 SI
11:39 1090 675 : B
146 950 540 0.06 13.56 2.1 SI
12:12am 1005 590 : B
$17 920 515 1.6 SI
: 36 950 540 ’
Mud Weight: 8.53 ppg
Plastic visc.: 6.0 cp
Yield Point: 2.5 1bs/100 ft?
Table A-2
™ RUN NO. 2
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TIME, p.m.
(hrs:min)

PCSG

(psig) . (psig)

PDP

GAIN(bb1l)

dps/dt
Inc. Total (psi/min) COMMENTS

4

5:

57
12

: 23
: 37
:51
: 57

:15

+ 37
142

47

:53
: 54
:59

:04

12
17
: 26
132
142
: 49
:59

:03

114
17
: 28
: 36
: 45
148
:59

:04

:18
: 34
: 48
154

10:

08

121
126
147
152

11:

06

: 21
: 25
:37
152

12:

00am

108
114

720
620
710
730
790
800
810
790
815
800
820
805
835
815
850
825
870
835
885
820
895
850
910
855
905
850
915
850
915
850
920
815
880
930
840
930
845
885
930
820
850
900
920
940
960

360
280
320
340
400
380
405
375
400
375
400
375
405
370
410
365
410
365
400
350
400
350
410
370
400
370
400
355
410
370
410
325
365
415
345
410
330
365
410
325
330
375
400
420
435

17.5

no useful data

available

-3

B~
N

o0 T




:19 810 310 SI
:33 850 330 2.9
$43 870 350 2.0

100

Mud Weight: 8.5 ppg
Plastic wvisc.: 6.0 cp
Yield Point: 1.5 1bs/100 ft?

Table A-3
RUN NO. 3
(Conventional Drill Pipe Pressure Method)

TIME, p.m. CSG Ppp GAIN(BBI) dpg/dt
(hrs:min) {psig) (psig) Inc. Total (psi/min) COMMENTS
5:43 a
:52 b
6:19 690 540 13(7) N/A c
:20 720 560 no data d
7:13 820 650
7:21 815 available
:33 850 e
: 54 950
8:01 1050 f,g
: 36 1150
1170
1200
1250 750
No data for mud ~-- assume same as Run No. 3

Table A-4
RUN NO. 4
(Dynamic Method)
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TIME, p.m. LCSG Pop GAIN(bbI) dpg/dt
(hrs:min) (psig) ‘(psig) 1Inc. Total (psi/min) COMMENTS
4:57 a
5:05 N/A b
:08 330 600 6.5 c

: 11 620 830 ,
17 no data d
:56 880 750

6:18 950 780 available e, f
126 1000 800
:29 1000 820
t 45 1050 870
:53 1070 900
:58 1100 930

7:03 1120 950
: 07 1140 950 g
:08 1080 900
:10 1100 930
126 1080 920
128 1120 950 2276 strokes
:38 1100 920
:55 1110 920 (total)

No data for mud -- assume same as Run No. 3
Table A-5
RUN NO. 5

(Dynamic Method)
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TIME, p.m. ~CSG PP GAIN(BBI) dp/dt
(hrs:min) (psig) (psig) Inc. Total (psi/min) COMMENTS

5:21 a
:33 420 N/A
: 38 450
: 40 450 b
: 43 340 680 c
: 49
:54 910 770 d

6:05 910 630
124 890 490(475=1") 9.75 f
: 35 810 375
157 915 475

7:09 975 530
:23 1050 600 e,g
:50 1050 600 0.35 10.10

8:08 1050 580
126 1050 560
:52 1060 570 *

9:09 1050 550

Mud Weight: 8.5 ppg
Plastic visc.: 4.0 cp

Yield Point:

2.0 1bs/100 ft?

Table A-6
RUN NO. 6
(Dynamic Method)
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TIME, p.m. ~GSG Pop GAIN(bb1) dpg/dt
(hrs:min) (psig) (psig) Inc. Total (psi/min) COMMENTS
5:49 a
6:04 b
:06 500 830 c
:13 d

: 28
: 36 1100
153 1200
7:03 790 480 5.1 Y e
:15 870 500 7.6
124 950 570 — B
226 920 570
: 32 880 550 0.70 5.80 —5— SI
:38 930 540 7.0
t 42 950 540 — B
: 45 910 530 1.23 7.03 SI,h
47 930 530 —T‘
:51 970 530 7.9
57 1010 565
:59 1020 570 *l— B
8:01 970 580 0.35 7.38 7.5 ST
109 1030 590 ‘ B
111 970 570  0.53 7.91 6.0 ST*
:21 1030 580 : B
124 970 560 0.53 8.44 6.9 SI,h
140 1080 570 ) B
142 1020 590 5.0 SI
:56 1090 600 : B
:59 1000 580 3.6 SI
9:21 1080 590 ) B
:23 1020 580 1.8 ST
:56 1080 600 * B
:59 1000 580 0.17 8.61 SI
10:13 1020 600 1.4
: 25 1030 600 0.8
: 31 1030 610 0.0

Mud Weight: 8:48 ppg
Plastic visc.: 26 cp
Yield Point: 23 1bs/100 ft?

Table A-7
RUN NO. 7
(Static Method)
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e
~ TIME, p.m. TCSG D GAIN(BDDL) dpg/dt
(hrs:min) (psig) (psig) 1Inc. Total (psi/min) COMMENTS
5:50 a
6:13 b
117 550 950 13.2 c,e
: 34 620 1000 ;T;
145 670 1030 :
:52 710 1030 3 B
:55 680 1040 3.6 ST
7:06 720 1010 ‘ B
: 08 670 1000 L6 ST
:19 720 980 : B
: 21 660 980 L6 SI
: 34 720 960 ‘ B
: 36 690 990 1.58 14.78 4.7 SI,h
:53 770 1010 ‘ B
: 54 730 1010 0.18 14.96 5.7 SI
8:01 770 1010 : B
:03 710 1010 0.35 15.31 6.0 SI
13 770 1000 . B,
15 720 990 0.70 16.01 5 8 ST™
1 27 790 980 : B
128 720 980 0.70 16.71 7.1 SI, h
fn\ 42 820 975 * B
'VE 44 750 970 0.53 17.24 7.0 SI
: 54 820 980 ) B
156 770 980 0.70 17.94 6.3 S1
9:04 8§20 980 ' B
: 06 750 970 6.2 ST
:19 830 975 ‘ B
: 21 700 965 5.9 ST
143 830 960 : B
45 750 950 2.9 SI
10:13 830 950 : B
:15 710 935 SI
126 740 960 2.7
134 760 960 2.5
147 780 960 1.5
11:06 795 960 0.8

Mud Weight: 8.54 ppg
Plastic visc.: 21.5 cp
Yield Point: 12.0 1bs/100 ft?

Table A-8
RUN NO. 8
(Static Method)
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TIME, p.m. .CSG TDP  GAIN(bb1)  9Pg/dt
(hrs:min) (psig) (psig) Inc. Total (psi/min) COMMENTS
5:21 ‘ a
132 b
£33 500 200 11.6 c
t 40 620 315 e
148 670 350 ;T;
59 730 390 '

6:03 750 420 —+ B
104 710 410 s 0o ST
112 750 410 y B
114 670 385  0.35 11.95 —— ST
:25 730 370 4.7
131 750 390 —t B
£33 690 370  0.18 12.13 —_ ST
: 40 715 350 4.3 2
147 750 370 ~
49 670 350  0.17 12.3 —— ST
:59 730 350 6.2

7:02 750 360 — B
104 690 350 0.52 12.82 6.0 ST
114 750 355 . B
116 690 340  0.48 13.30 — SI,h
127 750 345 5.2
137 800 385 —_ B
:39 750 385 0.58 13.88 4o sT*
51 800 400 : B
54 750 385 0.88 14.76 s 0 ST

8:05 805 390 g B
106 775 400 0.35 15.11 S SI,h
217 830 420 5.3
121 855 450 — B
:23 790 400 0.52 15.63 4o ST
137 850 450 ¥ B
139 800 415 0.70 16.33 4s ST
50 850 450 : B
52 800 400 0.80 17.13 SI,h

9:03 850 450 ;T:

111 880 485 .

.15 900 500 —t B

117 840 470  0.44 17.57 - ST

129 900 500 . B

: 31 850 470 0.87 18.44 —— SI,h

245 910 490 4.0

:56 950 510 ] B

157 870 500 0.19 18.63 3.5 ST
10:20 950 500 . B

122 890 495 0.17 18.8 o ST

:36 930 500 2.9

143 950 505 — B
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146 895 500 - ST
154 915 500 ;T;
11:03 930 500 .
210 950 500 = B
12 890 500 SI
:28 915 505 _T_
: 36 925 505
44 930 500 1.1
:55 940 500
12:05am 950 510 ~i— B
:07 870 500 ST
:25 880 500 0.6
Mud Weight: 8.53 ppg
Plastic visc.: 15 cp

Yield Podint:

6 1bs/100 ft?

Table A-9
RUN NO.
(Static Method)
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TIME, p.m. 1CSG Pop GAIN(BB1) dpg/dt
(hrs:min) (psig) (psig) 1Inc. Total (psi/min) COMMENTS
7:25 ’ a
: 37 b
41 940 960 9.5 c
t 45 930 970 e
:51 900 990
8§:03 870 1010
:16 850 1000
132 830 980
147 820 990
9:00 880 990
12 870 980
: 35 860 980
:50 840 990

Problems with well
and thick mud in

due to having thin mud in drill pipe
So bled casing down to

annulus.

300 psi. ©Pumped 250 strokes of thin mud at d.p. pres-
sure of 1400 psi. Then shut-in well again.
4.9 14,4
10:25 %30 450 N e
:31 1000 470 13.3
:34 1050 475 — B
:37 1000 475 *
41 1000 500 2.46 16.86 SI,h
151 1110 510 B
153 1030 500 — SI
:59 1075 510 7.0
11:03 1100 520 — B

: 04 1050 510 SI
: 09 1060 520 2.0
:15 1060 520 Probably
:25 1040 530 -2.,0(?) Mud is
: 36 1040 540 0.0 Gelling up
:56 1030 540 -0.5(?) din hole

Mud Weight: 8.75 ppg

Plastic visc.: 57 cp

Yield Point: 59 1bs/100 ft?

Table A-10
RUN NO. 10

(s

tatic Method)
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TIME, p.m. 1CSG Pop GATIN(BBI) dpg/dt
(hrs:min) (psig) (psig) 1Inc. Total (psi/min) COMMENTS
5:49 a
:58 b
:59 530 330 c
6:01 650 470 10.53 e

108 715 520 ;T:
113 750 535 X
:23 850 610 4 B
: 25 ST
.26 850 B
128 800 620 .35 10.88 —_ ST
:31 820 590 7.5
:36 860 600 —t B
:39 795 585 .35 11.23 — ST
142 815 575 7.2
48 860 575 — B
£ 53 790 555 .70 11.93 —— ST
.57 820 550 8.6
7:00 850 540 — B
: 04 800 530 .35 12.28 -+ SI,h
:08 840 535 _y
112 870 530 .
121 960 545 - B
124 850 555 .41 13.69 g 3 ST
: 30 900 555 . B
:32 840 545 .35 14.04 —_ ST
:38 900 530 8.8
45 955 530 —t B
49 875 520 .70 14.74 —_ ST
: 54 915 515 8.9
158 955 525 — B
:59 880 510 —_ ST
8:06 930 510 6.0
114 970 510 — B
116 895 510 ST
119 910 510 ;TI
121 930 510 .
125 950 515 3 B
26 890 500 - ST
32 910 500 30
:38 930 510 .
. 46 950 510 4 B
147 900 500 ST
157 920 510 ;T;
9:06 940 515 :
:12 950 515 - B
113 900 515 ST




e

~

: 31 920 520
:56 930 530

10:26 930 530

OO -
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Mud Weight: 8.6 ppg
Plastic visc.: 33 cp
Yield Point: 24 1bs/100 ft?

Table A-11
RUN NO. 11
(Static Method)
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TIME, p.m. TCSG PDP GAIN(DbL) dpg/dt
(hrs:min) (psig) (psig) Inc. Total (psi/min) COMMENTS
6:13 ' a
128 b
: 30 480 c
134 750 260 16.5 e

: 39 790 290 ;T;
:48 880 310 '
:55 950 350 —_ B
:58 910 370 0.35 16.85 10.0 SI
7:02 950 380 ' B
: 04 910 370 0.70 17.55 10.0 S1
:08 950 375 ' B
:10 900 370 0.70 18.25 SI,h
:12 915 375 l;T;
:16 960 375 .
:20 1000 370 — B
123 950 360 0.70 18.95 10.0 SI1
:27 1000 370 ' B,
:28 950 350 0.06 20.01 - ST,h
:36 1030 360 10.0
: 39 1060 360 ~— B
142 1000 350 1.40 21.41 11.1 ST
146 1050 355 : B
148 1030 345 1.41 22,82 -5 SI,h
:53 1075 340 10.0
:55 1100 335 — B
:57 1080 330 1.40 24.22 10.0 SI,h
8:04 1150 330 * B
:06 1080 310 0.71 24.93 - SI,h
: 09 1115 310 11.4
: 13 1160 305 :
:18 1210 310 N B
:20 1120 310 —— ST
:24 1140 330 5.3
:29 1170 330
:35 1200 335 B
:36 1145 330 2.5 S1
:58 1200 355 ) B
:59 1140 350 1.9 ST
9:48 1200 375 ' B
:50 1140 375 SI1
10:08 1150 380 0.6
Mud Weight: 8.67 ppg
Plastic visc.: 26 cp

Yield Point:

16 1bs/100 ft2

Table A-12

RUN NO.

12

(Static Method)
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TIME, p.m. LCSG Pop caIN(bb1) dp_/dt
(hrs:min) (psig) (psig) Inc. Total (psi/min) COMMENTS
5:51 a
6:14 b
: 16 550 c
119 750 360 18.6 —— e
126 835 360
£ 30 900 370 13.3
: 34 950 370 4 B
40 910 360 1.05 19.65 11.4 SI
: 43 950 360 : B
46 920 360 0.35 20.0 12.0 ST
: 48 950 360 : B
:50 910 360 2.8 22.8 — SI,h
:54 970 355 15.6
:59 1050 355 — B
7:01 1015 350 0.18 22.98 14.0 S1
: 04 1050 350 : B
:06 1000 350 ST
: 10 1060 350 15.0 B
:11 1000 350 S1
: 15 1070 340 17.5 B
117 990 330 5 SI
121 1035 315 9.2
123 1050 310 -t B
124 995 310 9.2 S1
: 31 1055 310 ' B
:32 1010 310 8.9 ST
: 36 1050 300 * B
: 37 970 290 SI
43 1000 280 5.0
: 50 1030 290 4.3
8:04 1045 290 1.1
+ 25 1045 295 0.0
Mud Weight: 8.75 ppg
Plastic visec.: 48.0 cp

Yield Point:

44.0 1bs/100 ft?

Table A-13

RUN NO.

13

(Static Method)
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TIME, p.m. LCSG Pop GAIN(bbI) dp/dt
(hrs:min) (psig) (psig) Inc. Total (psi/min) COMMENTS
5:14 ’ a
:25 b
:28 560 200 10.9 c
:31 750 380 e

140 800 430 KR
:53 860 490 4.7

6:04 910 530
114 950 560 4 B
115 900 510 SI
:22 920 530 ETI
:31 950 550 —— B
:38 900 500 0.70 11.6 . S1I
141 930 520 3.4
148 950 545 — ‘B
149 900 480  0.35 11.95 —— ST
:58 930 510 4.1

7:03 955 530 — B,
104 895 460  0.35 12.3 L2 ST
:17 950 510 . B
:19 900 450 0.70 13.0 SI,h
: 30 950 500 4.7
: 40 1000 540 B
141 950 500 0.36 13.36 42 ST
153 1000 535 y B
:55 945 485  0.35 13.71 41 S1I

8:08 1000 530 y B
:10 955 495  0.35 14.06 3.8 ST
122 1000 525 . B
:23 955 500 3.6 SI
:35 1000 525 : B
:36 950 485 3.6 ST
:50 1000 515 : B
:51 950 480 3.1 SI

9:07 1000 520 : B
:08 940 480 3.1 ST
:28 1000 510 . B
:29 955 490  0.35 14.41 ST
144 990 500 _T—
:51 1000 510 2 0

10:03 1030 535 .
:11 1040 550
116 1050 555 —l— B
217 1000 540 —— ST
: 30 1020 535 1.8
45 1050 550 —t B
146 995 545 — SI




g

11:00 1015 530
:15 1035 540
134 1055 550
:35 1000 550

12:05am 1035 - 540

113

Mud Weight: 8.6 ppg
Plastic visc.: 9.0 cp
Yield Point: 4.0 1bs/100 ft?

Table A-14
RUN NO. 14
(Static Method)
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TIME, p.m. ~CSG Pop GAIN(bbl) Pump Rate,
(hrs:min) (psig) (psig) Inc. Total SPM COMMENTS
5:21 ’ a
:33 b
:36 530 c
:39 755 340 10.9 e,f
:51 845
6:00 910
: 06 950
:08 900 37
:12 900 40
116 930 0.35 11.25 51
118 900 63
121 900 0.35 11.6 61
128 900 0.35 11.95 63
133 900 58
:36 900 0.53 12.48 63
:38 910 0.17 12.65 63 h
145 950 62
:53 960 0.35 13.0 62
7:03 950 0.70 13.7 61
:07 950 0.70 14.4 61 h
:18 1010 59
P :25 1010 1.05 15.45 56
aor’ :31 1020 0.35 15.8 57 *
:36 1000 0.7 16.5 SI
+38 1000 470 check d.p.
142 1030 0.7 17.2 f,g,h
152 1030 0.35 17.55 40
8:00 1050 1.05 18.6 75
:08 1080 45
:25 1050 -0.7 17.9 76 Lost mud
: 30 1100 74 to well
:31 1140 -2.1 15.8 73
:35 1115 70
142 1100 0.35 16.15 65
149 1100 0.35 16.5 57
© 3159 1100 -0.70 15.8 61
9:07 1100 67
:10 1120 66 SI well
:13 1110 580
:30 1130 590
:45 1145 610
Mud Weight: 8.6 ppg
Plastic visc.: 11.0 cp
Yield Point: 4.0 1bs/100 ft?
Table A-15
= RUN NO. 15

(Dynamic Method)
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TIME, p.m.

PCSG

PDP

GAIN(bb1)

Inc.

dpS/dt
Total (psi/min) COMMENTS

(hrs:min) (psig) (psig)

5:27
: 41
43
:46
:55

6:00
: 04
:06
: 10
:13
:18
122
127
31
136
: 39
t 44
145
:51
:58

7:07
:15
:25

560
760
880
950

910

960

915
1000

990
1070
1080
1180
1070
1135
1140
1230
1300
1370
1400
1410

220
250
280
300
300
300
285
275
260
240
230
255
295
295
290
310
410
485
525
540

18.5

18.95

19.3

20.7

22.8

23.5

24.2

13.

12.

17.

16.

20.

13.

OO~NOO

0o m

Mud Weight:

Yield Point:

8.2 ppg (gas-cut)
Plastic Visc.:

23.0 cp

16.0 1b/100 ft?

Table A-16
RUN NO. 16
(Static Method)



APPENDIX B

ANALYSIS OF BUBBLE FRAGMENTATION
DURING KICK FEED-IN



.

APPENDIX B
ANALYSIS OF BUBBLE FRAGMENTATION
DURING KICK FEED-IN

An important Eonsideration in modeling the upward gas
migration occurring during the volumetric method was whether
the gas stayed as a slug while it was injected into the
well or if it broke into a series of bubbles. To ascertain
the form in which the gas first enters the well, the fol-
lowing parameters must be known:

a) Terminal slip velocity of gas

b) Injection rate of gas into well

¢) Slip velocity versus bubble size

d) Annular geometry.

The terminal gas slip velocity is discussed in Chapter
2, section 1l.4. This velocity is important in establishing
a plot of slip velocity versus bubble volume in order to
predict the point at which the bubble begins to rise faster
than the gas being injected into the well. At that instant
in time the bubble would break away from the injecting gas
and migrate upwards, and a new bubble would begin forming
below it. Knowing the terminal velocity and that gas slip-
page is proportional to the square root of the radius of
curvature of the bubble®, a relationship could be prepared
that would relate bubble volume to radius of curvature and
thus to gas slip velocity.

The terminal slip velocity is calculated assuming that
the well is open to flow; and, since the injection gas is

117



BUBBLE RISE
VELOCITY COEFFICIENT

118
pushing mud upward, the mud is in effect flowing., To cor-
rect for this flow of mud, an additional coefficient is
multiplied to the slip velocity calculated assuming static
conditions. The example problem at the end of this sec~
tion shows the means of estimating this coefficient from a
graph shown in Figure B.l.

Gas injection rate into the well is easily calculated
from the known pit gain and time during which the gain is
taken. Since the annular capacity of the well, in éddition
to the maximum cross-sectional area occupied by the bubble
(from Chapter 2, section 1.4) is known, the average injec-
tion velocity can be calculated.

However, as the gas bubble first comes out of the in-~-
jection 1ine, its velocity is equal to the rate of change
of its radius of curvature, assuming a hemispherical bubble.
Thus the injection velocity can be very large at first and
then rapidly decrease until the terminal (average) injec-

tion velocity is achieved. This terminal velocity of

n
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BUBBLE REYNOLDS NUMBER, Ngrp

FIGURE B.| BUBBLE RISE VELOCITY COEFFICIENT C»
FOR AN ANNULUS (after Rader et al®)
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injection occurs once the bubble has achieved a volume suf-
ficiént to take up the maximum cross-~sectional area avail=-
able to it, as is the case for the terminal gas slip velo-
city.

The following sections perform the necessary deriva-
tions to come up with values of radius of curvature of the
bubble and the associated fraction of the annular
cross-sectional area as well as the bubble volume, These
are then used to come up with relationships of injection

velocity and gas slip velocity versus bubble volume.

B.l Outer and Inner Annular Radii

Consider the annular geometry shown in Figure B,2,
in which the drill pipe is not cenﬁered inside the casing
(or hole). Assuming a vertical hole, a gas bubble would
tend to occupy the portion of the annulus cross-section
having largest casing~pipe separation. The radius of cur-
vature of the gas bubble, RC, is defined as half the dis-
tance from one edge of the bubble to the other. A circle
of radius Y¢ with center at the origin defines the location
of the radius of curvature.

To get a relationship between Rc and the subsequent
annular cross~sectional area occupied by the gas as well
as bubble volume, the distance between the inner and outer
radii must be known at all points. A geometric analysis
is shown in Figures B.3 and B.4, and the important para-
meters include the following:

Yo = distance to inside surface of casing (outer
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FIGURE B.2 ANNULAR GEOMETRY FOR
BUBBLE FRAGMENTATION STUDY

120



121

cy=r. +r. =r
>y e e 0 x-<center of casing
ty=ro—r,=1
= 172 (TCSG"' rdp) d= i'y = 9"2
y-<0rigin
z ,center of drill pipe
2 pip

'FIGURE B.3 GEOMETRIC RELATIONSHIP OF r, AND r,
FOR DETERMINATION OF V,, F., AND R..
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FIGURE B.4 ENLARGED VIEW OF GEOMETRIC

ANALYSIS OF OUTER ANNULAR RADIUS

annular dimension), measured from origin,
inches

distance to outer surface of drill pipe (inner
annular dimension), measured from origin,
inches

inside radius of casing, inches

outer radius of drill pipe, inches

distance from origin to either the center of the
casing or the drill pipe, inches

one-half the distance between the inner casing
and outer drill pipe surfaces, measured along a
line which passes through the origin, inches

the average value of the casing and drill pipe
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radii, the circle formed from which has its cen-
ter at the origin, inches.

Since the annulus possesses a symmetry as shown by the
dashed line in Figgre B.3, one side of the annulus will be
studied. It is only necessary to double the values calcula-
ted for area and volume to give the required relationship
with bubble radius of curvature (RC).

The geometric considerations utilized to derive an
equation for the outer annular radius (ro) as a function of
the sweep angle © is illustrated in Figure B.4. Using basic

laws of geometry,
Q@ = d COSE  sveveeresessoseasaseasessasssaasess (Bol)
b = 4 sin® I 0=

Then,

(ro - a)? 4+ bp? CSG  trererererecneasaesa(BL3)

[t}
=

r 2 - 2ar_ + (a? + b?)

I
[

CsSG

2y =
fesg ! 0

Using the quadratic equation and solving for the positive

root yields

= 2 2 : 2
ro d cosO + V/ICSG d SIN 0 eveveeveanes (B.4)

The inner radius of the annulus is given by

ri =r, - 2re cs st e recsescrrteesssassescecsae (B.5)

But r = r + r es e s s s eersesavessenveansccenes (B.6B)
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Therefore,

r =YY =X

1

o) c
2 2 f 20 .
4a CQSO + V/rCSG d sin“@ rc eesese (BT}

Combining equations B.5, B.6, and B.7 and simplifying gives

= - - 2 -— 2 1 2
ri 2rc d cos0 M/rCSG d SINn“0 sese00(B.8B)

It is interesting to note that when d equals zero, equations
B.4 and B.8 sinmplify to the case of drill pipe centered in

the casing.

B.2 Area

The next step is to find cross-sectional area in the
annulus as a function of gas bubble radius of curvature.
Referring to Figure B.5, the differential element of area

is given by
= 2 _ 2
da 1/2 (rO r, YAO s e s ecceasesarsencensncenes (Be9)

Integrating equation B.,8 and doubling the value of area re-

sults in

o ] ~

= 2 _ 2 2
A {) (rO ri ydo + mr ceeescccesasssse (BJ10)

[
where r. is given by equation B.7 using the wvalue of 0.
This additional area is due to the curved ends of the bub-

ble. Evaluation of eguation B.10 results in

0
- : _ 2 _ A2ain2
A 4rc (d sin® rce +.% &/rCSG d?sin®0 do)
S o2
+omrg
~ : - 2
x 41:C (d sin® rce + rcSGe) + nre eeseee (Ball)

0<B<T
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(0,0)

FIGURE B.5 MATHEMATICAL REPRESENTATION OF ANNULAR
CROSS—SECTIONAL AREA AND BUBBLE VOLUME
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The approximation allowing integration of the equation
'S

s’ above B.ll results iﬁ a maximum error of less than 0.07%.

The total cross-sectional area of the annulus is

2 - r % et e ecreesnevsecnasse(B.12)

A = T{Ieogg DP

ann
Thus, the gas fraction is given by

A

Fg = = N - P A
ann

B.3 Volume

Referring to the lower 1llustration in Figure B.5,
the volume occupied by the gas bubble, including the curved
ends, is given by

-~

2
Vo= fav o= [ ﬂrez r, de + 3 nre3 ceesenecse(Bal4)

Evaluation of this integral vyields

2
V = 7r [g sin2Q - 2rc d sino + (

2 2
b3 +r “)0e

Tese c

+ 2 Q? (d cos® - t )y/; 2 - 42 gin@ do]

C CsG

+
win
=
il

N SR - - 2 2
~ qr [2 sin2@ 2rc d sin® + ( + rc )0

Tcsa

ar 3 ....(B.15)
0<0<7

wir
o

rCSG (d sing - rce)] +

Use of the approximation that d? sin?@Q << r as was done

2
cse

I for equation B.1ll, results in a maximum error of 0.07%.



127

B.4 Radius of Curvature of Bubble

The bubble radius of curvature for an annulus is given
by

[

= + T et e et e s e e e et -
RC rc@ re (B.16)

[N

The physical relationship of Rc and r. to © is shown in
Figure B.5,. It should be noted that r, is given by equa-

tion B.7 using the value of 0.

B.5 Data Tabulation

Table B.1 was compiled using the equations from the
pPrevious sections. The geometry of the L.S.U., B-7 test
well was included, and it was assumed that the tubing was

one~half inch off-center from the casing (d = 0.25 inches),

B.6 Example Calculations

The example described here illustrates the use of
Table B.l to give a relationship between bubble volume and
the velocity of both the gas bubbles slipping up the annulus

and the gas being injected.

1. Using well data from Run number 9 (see Table 5.1), the

bottomhole pressure prior to shut-in is given by

p = 0.052(8.53) 6029 + 14.7
= 2689 psia
2. Nitrogen is the injection gas and assuming a bottomhole

temperature of 120°F (z = 1.035), from equation (4.1):

- 2689 (28) )
Py = §6.2 (1.035)580 - L--56 lb/gal
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*0
10
20

30

40
50
60
70
80
90
100
110
120
125
130
140
150
le0
170
174

AREA, INZ? VOLUME, INZ2
0.196 0.033
0.785 0.262
1.131 0.452
1.767 0.884
1.787 0.899
2.788 1.487
3.741 2.031
4.639 2.520
5.480 2.949
6.263 3.315
6.989 3.620
7.661 3.868
8.281 4.067
8.853 4.223
9.380 4.345
9.865 4.442

10.314 4.521
.75 10.556 4.561
10.729 4.589
11.115 4.652
11.479 4.713
11.826 4.775
12.166 4.840
.06 12.304 4.873

Re

0.250
0.500
0.600
0.750
0.754
1.089
1.415
1.734
2.046
2.352
2.653
2.951
3.246
3.542
3.837
4.135
4.436
4.611
4.742
5.052
5.368
5.690
6.019
6.100

Fg

0.01e6
0.064
0.092
0.144
0.145
0.227
0.304
0.377
0.445
0.509
0.568
0.623
0.673
0.719
0.762
0.802
0.838
0.858
0.872
0.903
0.933
0.961
0.989
1.000

*For all pcints above 0

Data: Casing Yj

2.446 inches

Tubing ¥y = 1.4375 inches

Tubing center is 0.5 inches

from casing center
0.25 inches)

(d

Table B.1l

0, bubble is a hemisphere.

RELATIONSHIP BETWEEN VARIOUS BUBBLE PARAMETERS
FOR GAS FRAGMENTATION STUDY

Flow behavior index and consistency index of mud:

©
n = 3.322 logp (6399) S - D I
300
5100
K=_—'-3—9'2 .......--..-.............-...-(B.ls)
511"
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where n = flow behavior index
~QJ K = consistency index, eq. cp.
6600’ @300 Fann viscometer dial readings at 600

and 300 rpm, respectively

Therefore,

n = 3.322 loglo(%g) = 0.7776
K = élﬂi&ll = 83.88 eg. cp.
510 0.7776

4. Bubble Reynolds number (equation 2.14):

= 1,222
Ny = 133,632(8.53)Vs
RB 83.88
X [——9¢932§—— (4.892 - 2.875)] 077
S N T LT
= 457.62v 1%
~ .
5. Terminal gas slip velocity, static fluid (egquation 2.13):
V_ = (0.16 + 0.092 log;oN__)\/ (4.892+2.875)(8.53-1.56)
s RB
8.53
= . + . L]
(0.16 0.092 logloNRB)Z 519
Simultaneous solution of NRB and 35 gives
Npgp = 470.3
GS = 1.023 ft/sec
6. Velocity of mud in backflow region (equations 2.22a and
2.22b):
7. ) _52(8.53 - 1.56) (4.892 - 2.875) 7%
LB’ Lam 15
. _ 5(6)(4.892 - 2.875)

15



6:}
7.
8.
M
9.
10,
o
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i

94,3 ft/sec

. 1 /
= _ (8.53 - 1.56)%(4.892 ~ 2.875)5.77
(Vig)purp = 11-964 1 (8.53)3(15) J

= 15,690 ft/sec
Therefore, v = 15.690 ft/sec.

LB

Gas Fraction (equation 2.16):

_ 15.690 _
Fy = 157690 + 1,023 - 0-93°

From Figure 2.5, (F ) = 0.858
g’ corr

Gas injection velocity:

- _ _Total Gain _11.6 bbls X 1 min
93 Injection Time 11 min 60 sec
.3
= 0.0176 221 = 190.5 1B
sec sec
5 - 9i _ 0.0176 bbl/sec 1000 ft/bbl
i CAFg 0.858 0.97135(4.8922-2,875%)
= 1.346 ft/sec
Assume mud velocity (Gm) = injection velocity (Gi).
v
m 1.346
= = = 1,316
1.023
Ve
From Figure B.l, C, = 1l.42. The corrected slip velocity
is
GS = 1.42(1.023) = 1.452 ft/sec
Knowing that Vs = kv Rc and assuming it remains constant

over the range of values of Rc’ for a gas fraction

of 0.858, Rc is 4.611 inches. Thus, using the corrected
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terminal gas slip velocity,

1.452 )

= 0.6762 ft/sec~inch
Va.611

Table B.2 shows the values of Rc' VB and Fg which cor~

respond to values of slip velocity calculated from

VS(RC) = 0.6762‘\/Rc

11. Injection velocity profile:

Assuming bubbles form in a hemispherical shape,

g = d(;:B) = a% (% rrd) = 2ﬂrzg—% = 170.5 7;'2_::
Thus,

v, = & _170.5 1  ft, _ 2.26l6 ft

i dat 27r? 12 ‘sec r2 sec
where r = bubble radius, inches

Bubble volume is calculated assuming the bubble is
hemispherical as in the above derivation. As a result, a
relationship of gas injection velocity versus bubble volume
is formed. Once the gas bubble touches both the casing and
tubing walls and begins to deform, the injection velocity is
actually zero due to the bubble wrapping itself around the
annulus until it achieves a gas fraction of 0.858. However,
the bubble is still moving upward, so it is assumed that the
velocity is based on the radius of a hemisphere having the
same bubble volume.

Table B.2 compares the value of injection velocity ver-
sus bubble volume with gas slip velocity. Figure B.6 is a

plot of velocity, both slip and injection, versus bubble
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F R v v r V.

g c B s i
(in.) (in.3) (ft/sec) (for Vi) (ft/sec)

0. 0. 0. 0. 0. o
0.064 0.500 0.262 0.478 0.500 9.046
0.145 0.754 0.899 0.587 0.754 3.978
0.304 1.415 2.031 0.804 0.990 2.308
0.445 2.046 2.949 0.967 1.121 1.800
0.568 2.653 3.620 1.101 1.200 1.571
0.673 3.246 4.067 1.218 1.248 1.452
0.802 4.135 4.442 1.375 1.285 1.370
20.858 4.611 4.561 1.452 1.296 1.346

Table B.2

RELATIONSHIP BETWEEN BUBBLE VOLUME AND GAS VELOCITY
FOR FRAGMENTATION STUDY

VELOCITY, ft/sec

2

3

BUBBLE VOLUME, in°

FIGURE B.6 GAS VELOCITY P_ROFlLES VERSUS BUBBLE
VOLUME FOR FRAGMENTATION PROBLEM
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volume.,

B.7 Discussion

Referring to Figure B.6, the gas slip velocity ex-
ceeds the injection velocity at a bubble volume of 4.4 in?.
Thereforé, the bubble will break free and begin migrating
upward, and a new bubble would begin to form beneath it
However, the new injection bubble has a much greater velocity
than the bubble above it. Thus, the new bubble actually
catches the bubble above it and the net result is a contin-
uous column of gas is injected into the hole. Based upon

this it can be assumed that the injected gas remains as a

continuous slug while the kick is being taken.
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